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Dynamics of a Polyphosphazene Melt Studied by Solid-State 2H NMR

Barbara Koch

Institut fiir Physikalische Chemie, Westfdlische Wilhelms-Universitdt Miinster, Corrensstr. 30,
48149 Miinster, Germany

Michael Vogel*

Institut fiir Festkorperphysik, Technische Universitidt Darmstadt, Hochschulstr. 6,
64829 Darmstadt, Germany

Received October 29, 2008; Revised Manuscript Received November 27, 2008

ABSTRACT: Poly[bis(methoxy)phosphazene] (PBMP) is used as a model to investigate the backbone dynamics
of polyphosphazenes approaching their glass transitions. Specifically, we study PBMP featuring deuterated methyl
groups so that, as a consequence of fast rotation of the methyl groups, 2H NMR probes the reorientation of their
3-fold symmetry axes and, thus, of the inorganic backbone. Combining 2H NMR spin—Tlattice relaxation, line-
shape, and stimulated-echo analyses, we follow the slowdown of the segmental motion upon cooling over a
broad temperature/time range. Comparison of present and previous results provides no evidence that polymers
featuring inorganic and organic backbones, respectively, show fundamentally different dynamical behaviors during
vitrification. In particular, typical of glass-forming polymer melts, we find for the a-process of PBMP that its
temperature dependence deviates from an Arrhenius law and its time dependence differs from a single-exponential
function. 2H NMR three-time correlation functions indicate that both homogeneous and heterogeneous dynamics
contribute to the nonexponential relaxation. In addition, 2H NMR spin—Ilattice relaxation and line-shape analyses
reveal the existence of some large-angle anisotropic precursor motion in the moderately viscous melt, which may

be a peculiarity of polyphosphazene.

I. Introduction

Today plastics play an important role in both everyday life
and technological applications. Until now, the plastics market
has been dominated by organic polymers, but inorganic
polymers become more and more important. Inorganic polymers
can overcome problems of organic polymers like the poor
flexibility at low temperature, limited stability at high temper-
ature, poor biomedical compatibility, and lack of thermal and/
or electric conductivity. Also, they often exhibit a better fire
resistance.'” In addition to the well-known polysiloxanes
(silicones), polyphosphazenes attract a great deal of attention
due to many potential applications.'*

Synthesis and characterization of polyphosphazenes were first
reported in the 1960s by Allcock et al.*”© The general structure
of polyphosphazenes is shown in Figure 1. The great variety of
possible, mostly organic, substituents enables synthesis of
polyphosphazenes with very different properties, which range
from hydrophilic to hydrophobic, elastomer to glass, electric
conductor to insulator, and so on. The main features of the
inorganic backbone are fire resistance and high flexibility,
leading to low glass transition temperatures 7, when substituents
of moderate bulkiness are used."> Many scientific studies of
polyphosphazenes focus on their applications as flame retardants
or biomaterials, e.g., as drug delivery systems, implants, and
protheses. Furthermore, polyphosphazenes are good candidates
for the use as polymer electrolytes in rechargeable lithium ion
batteries. For example, high ionic conductivities of 1075 S/cm
were reported for ion conducting membranes on the basis of
poly[bis((methoxyethoxy)ethoxy)phosphazene].”

Further improvement of the material properties requires
thorough knowledge about the thermodynamic, structural, and
dynamic behaviors of polyphosphazenes. For a fundamental
understanding, it is important to investigate the behaviors of
the phosphorus—nitrogen backbone, i.e., to use small substit-
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Figure 1. Polyphosphazene. R = organic, metalorganic, or inorganic
substituent. In our case, R = CDs and n ~ 15 000.

uents, and to compare the results for inorganic and organic
backbones. Recent work® utilized poly[bis(methoxy)phosp-
hazene] (PBMP) as a model polymer to study thermodynamic
and structural aspects. Here, the dynamics of this polyphosp-
hazene are characterized in some detail using ?’H NMR. In the
studied PBMP-dg, deuterated methyl groups are directly bound
to the polymer backbone (R = CDs3) so that they can be
employed as probes for the backbone dynamics (see below). In
addition to temperature-dependent ’H NMR spin—Tlattice relax-
ation (SLR) and line-shape (LS) analyses, we perform ?’H NMR
stimulated-echo (STE) experiments, providing straightforward
access to multitime correlation functions of the polymer
segmental motion.” '* The latter yield detailed information
about the complex dynamics in polymer melts, which manifest
themselves in nonexponential relaxation. While two-time cor-
relation functions (2T-CF) allow us to measure the correlation
time 7 and to determine the extent of deviations from single-
exponential behavior, three-time correlation functions (3T-CF)
enable quantitative analysis of the origin of the nonexponenti-
ality.

II. Theory

A. Basics of ZH NMR Experiments. In solid-state ZH NMR
(I = 1), first-order quadrupolar interaction is the dominant
internal interaction. It results from the interaction of the nuclear
quadrupole moment with the electric field gradient (EFG) at
the nuclear site, leading to a frequency shift wq with respect to
the Larmor frequency wy. This shift is probed in the experiment.
In our case of PBMP-ds, the deuterons are located in methyl
groups. Because of fast methyl group rotation at the studied
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temperatures, the EFG tensor is preaveraged. The principal
z-axis of the averaged tensor points along the direction of the
3-fold symmetry axis of this unit. Then, the quadrupolar
frequency is given by’ '

wo(0) = 12(3 cos’ 6 — 1) (1

Here, 0 denotes the anisotropy parameter of the averaged tensor
and 0 is the angle between the Cs-axis of the methyl group and
the external static magnetic flux density By. The =+ signs in eq
1 correspond to two allowed transitions between three Zeeman
levels. Because of the dependence of the quadrupolar frequency
on the orientation of the Cs-axis, reorientations of this axis
render wq time dependent. Therefore, ZH NMR is a powerful
tool to study the rotational motion of the 3-fold axes. Further-
more, since the methyl groups are directly bound to the
polyphosphazene main chain, the reorientations of the Cs-axes
probe the dynamics of the inorganic backbone, which we are
interested in. We note that, in 3!P NMR studies of the backbone
dynamics, strong homonuclear dipole—dipole interactions in-
terfere with straightforward data analysis.

B. Spin—lattice Relaxation Analysis. The 2H SLR time T}
depends on the spectral density of the rotational dynamics. When
the temperature is increased and molecular dynamics become
faster, 7 decreases at low temperatures (wor > 0.6), while it
increases at high temperatures (wor << 0.6). A 7} minimum is
observed for wor = 0.6, i.e., for T on the order of 1 ns. In
studies on molecular and polymeric glass-formers, 2H SLR was
found to become nonexponential when cooling toward the glass
transition temperature, 7,.'"'® In the case of 2H NMR, such
nonexponential SLR can be traced back to the existence of a
distribution of correlation times G(log 7), leading to a distribu-
tion of SLR times V(7}).! ! Then, SLR can be characterized by
either the mean SLR time [T)Uor the mean SLR rate (1/7L]
where Dﬂ:b D/Tlﬁl.

C. Line-Shape Analysis. In our case of an amorphous
sample, the anisotropy of the quadrupolar interaction in
combination with the powder average results in broad 2H NMR
spectra with a characteristic LS called the Pake spectrum. These
broad rigid-lattice spectra are observed when the limit of slow
motion is reached at low temperatures, i.e., when the correlation
time exceeds the inverse spectral width, 7 > 1/9. Increasing
the temperature, motional narrowing sets in and the spectra
collapse when 7 becomes comparable to 1/0. Motionally
averaged spectra result in the limit of fast motion, T << 1/0.
Fast isotropic reorientations result in narrow Lorentzian lines.
When a broad distribution G(log 7) exists so that there are fast
(t < 1/9) and slow (7 > 1/0) polymer segments at a given
temperature, the LS can be described as a superposition of a
broad Pake spectrum and a motionally narrowed line. Such
spectra have been called two-phase spectra.'®

D. Two-Time Correlation Functions. ZH NMR STE spec-
troscopy has proved a powerful tool to study molecular
dynamics with correlation times in the range of 10 us < v <
1s.°7' In these experiments, the three-pulse sequence
Pi—t,—P,—ty—P3—1, is utilized to correlate the quadrupolar
frequencies during two short evolution times #, < 7, which are
separated by a longer mixing time f,, & v so that molecular
rotational jumps can alter the value of wq during the latter
period. When appropriate pulse lengths and phases are used,
measuring the height of the stimulated echo for various #,, but
constant #,, provides access to the 2T-CF*~'*

Ey(t3t,) = Bin[w,t,] sin[w,,]0 2)
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E(t:t,) = [Bos[wt,] cos[w,t,]0] 3)

Here, the brackets [l.[ldenote the ensemble average. We see
that the frequencies at two times, w; = wq(0) and W, = Wq(tm),
are correlated. Hence, the correlation functions E3(ty) (x =
cc, ss) decay when molecular reorientation during the mixing
time leads to w; = ws.

SLR can lead to additional damping of the 2H NMR STE
decays, rendering correction for relaxation effects useful. In the
case of E5°, the decay of Zeeman order, which exists during
the mixing time of this experiment, can be determined in a
regular SLR measurement so that division by the SLR function
often enables a removal of relaxation effects. Therefore, we
show data E5° that have been corrected for SLR throughout this
paper. In the case of E%, the decay of alignment order, which
is present during the mixing time of this experiment, is not
accessible in an independent measurement, hampering correction
for relaxation effects. Therefore, the time window of E%’ is more
restricted.

E. Three-Time Correlation Functions. Nonexponential
relaxation of polymer melts can be explained within two
fundamentally different scenarios. In the limit of purely
homogeneous dynamics, a distribution of correlation times is
absent, and all polymer segments obey the same correlation
function, which is intrinsically nonexponential, e.g., due to
correlated back-and-forth motion. In the limit of purely hetero-
geneous dynamics, correlated back-and-forth motion is absent
and all polymer segments exhibit an exponential correlation
function, but a distribution of correlation times exists. Generally,
one expects both homogeneous and heterogeneous contributions
to the nonexponentiality so that it is important to analyze their
relevances. Such analysis is possible on the basis of 2H NMR
3T-CF.>"!

For a measurement of ZH NMR 3T-CF, we apply appropri-
ate seven-pulse sequences, enabling correlation of the qua-
drupolar frequencies w;, w,, w3, and w4 during four evolution
times of equal length #,, which are separated by the mixing
times fm1, fm2, and 3. ' These pulse sequences can be
regarded as two successive STE experiments. The first one with
mixing time #,, is followed after a time 7, by the second one
with mixing time #y3. For analysis of nonexponential relaxation,
it is useful to vary fy3 for ) & 7 and ty < 71220723 Thep
Wy = w3 = w3 and a 3T-CF results. Specifically, it is possible
to record

ES (ty33tmy) = [Bos[(wy3 — @))1,] cos(@, 5t,) cos(w,t,)D(4)

In previous works,?>"?* the interpretation of ES° was discussed
in some detail. Briefly, in the limit of purely heterogeneous
dynamics, the first STE experiment acts as a dynamic filter
selecting the slow (tr > t,) polymer segments from the
distribution of correlation times because these segments are static
during the corresponding mixing time fy,; and show w; = wa 3.
Directly afterward (#,,, << 7), the correlation function is measured
exclusively for the selected subensemble of slow segments in
the second STE experiment by variation of the mixing time #p3.
The correlation function of this slow subensemble, E5°, decays
more slowly than that of the whole ensemble, ES°. More
precisely, in the limit of purely heterogeneous dynamics, it is
possible to calculate a prediction for the 3T-CF based on a
knowledge of the 2T-CF according to''*>~2*

By (tyit) = Exlty + ) ®
In the limit of purely homogeneous dynamics, a distribution

G(log 7) is absent, impeding selection of a dynamically
distinguishable subensemble by application of a dynamic filter
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during the first STE experiment. However, correlated backward
jumps can restore the initial resonance frequency during the
experiment. In recent work,?>>* detailed consideration of these
effects showed that, in the limit of purely homogeneous
dynamics, it is possible to compute a prediction for the 3T-CF
based on a knowledge of the 2T-CF according to

EY™(tyity) = %[Ez(tml)Ez(’m) t E(ty T 1))  (0)

Therefore, comparison of the experimental data E5° with the
predictions E¥" and E}°™ enables determination of the relevance
of heterogeneous and homogeneous contributions to the non-
exponential relaxation.

The correlation functions in eqs 2—6 are not normalized.
Throughout this paper, we denote the normalized analogues as
F¥, F5,..., and F§°™. For example, F§(tm3; tm1) = ES(tm3; tm1)/
ESC(O; [ml)-

III. Experimental Section

Synthesis and characterization of the studied PBMP-ds were
described in ref 8. A molecular weight of M, = 1.04 x 103 g/mol
and a glass transition temperature of 7, = 191 K were reported.
The present 2H NMR experiments were performed on a Bruker
DSX 500 spectrometer working at a Larmor frequency of wo =
27 x 76.8 MHz. A static Bruker probe was used, resulting in 90°
pulse lengths between 2.2 and 2.4 us. To adjust the sample
temperature, a Bruker VT 3000 heating unit was employed. To
remove deviations between set and actual temperature within an
uncertainty of +1.5 K, a temperature calibration with 27Pb NMR
of lead nitrate was done.”” The solid-echo pulse sequence
90°,—7,—90°, was used to acquire ’H NMR spectra. SLR times
were measured utilizing the saturation recovery pulse sequence at
lower temperatures and the inversion recovery pulse sequence at
higher temperatures combined with a solid echo for detection. To
record 2H NMR 2T- and 3T-CF, we applied appropriate three-pulse
and seven-pulse sequences, respectively.””'*!*

IV. Results

First, we perform SLR measurements to obtain information
about polymer dynamics with 7 &~ 1/w,. For polymer melts,
distributions G(log 7) can result in distributions of SLR times
and, hence, in nonexponential SLR. For PBMP, we find
exponential SLR above 210 K, implying that the structural
relaxation or, equivalently, the a-process of the polymer melt
averages over any distribution V(77)."' In other words, each
deuteron samples a representative set of local environments on
the time scale of SLR, which is a typical finding in studies on
the a-process of glass-forming liquids. As a consequence, the
relaxation function is given by ®(7) = 1 — M (1)/My = exp(—1/
T, and, hence, 7) = O/T,01."7 In Figure 2, it is evident that
T, is a minimum at about 255 K, indicating w7, ~ 0.6 for the
correlation time of the o-process. On the low-temperature side
of the 71 minimum, we see a shoulder at 7 ~ 1.17,. While
shoulders at T &~ T, are common to glass-forming liquids,"'
observation of such feature at 7 > T, implies that, in addition
to the structural relaxation, PBMP exhibits a faster secondary
relaxation, which starts to govern SLR in the vicinity of the
glass transition. For convenience, we refer to the latter relaxation
as a f3-process. However, this does not imply that it is related
to the B-process of mode-coupling theory®® or to the S-process
of Johari and Goldstein.*’

When further cooling PBMP toward 7,, SLR becomes
nonexponential. Thus, in the vicinity of T,, the a-process is
too slow to establish ergodicity on the time scale of SLR so
that an underlying distribution V(7') becomes apparent. Then,
the mean SLR time [T;[Jand the inverse mean SLR rate [1/
T3 differ.” To determine the mean SLR time, we interpolate
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Figure 2. Temperature-dependent 2H NMR SLR times 7; of PBMP-
de. At temperatures 7 < 210 K, we characterize the nonexponential
SLR using both the mean SLR time [T;[(crosses), as obtained from
fits to eq 7, and the inverse mean relaxation rate [1/7,3" (open squares),
as determined from the initial (r — 0) slope of the relaxation function.
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Figure 3. Temperature-dependent 2H NMR spectra of PBMP-dj.

the relaxation function with a Kohlrausch—Williams—Watts

(KWW) function
— exol (L)
O = exp[ (Tl) ] @)

yielding stretching parameters that decrease from = 1to § =
0.7 when T, is approached and use the I' function to obtain
10= [§®(r) dr = (T1/A)T'(1/B). The mean SLR rate /7,0
can be extracted from the initial slope of ®(¢)."” In Figure 2,
we see that the temperature dependence of (/7,0 continues
that found in the region of exponential SLR, as expected since
the rate average is probed in both temperature regimes. By
contrast, [TOshows a stronger increase. It was shown'” that
this effect does not result from molecular dynamics, but rather
from a crossover between rate and time average ([T, 0/7,3").
Below Ty, T1 decreases with decreasing temperature, indicating
that fast methyl group reorientation (wotcy, < 0.6) starts to
govern SLR.

Temperature-dependent 2H NMR spectra are shown in Figure
3. At T = 190 K, a Pake pattern is found. The observed line is
a factor of 3 smaller than that of static C—D bonds,” indicating
that fast methyl group rotation leads to a preaveraged EFG
tensor, consistent with the results of SLR analysis. Therefore,
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Figure 4. Enlargement of the H NMR spectra at 7 = 210—214 K.
The dotted lines are meant to aid identification of additional intensity
at £8 kHz.
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Figure 5. Measured (solid line) and simulated (dashed line) spectrum
at 212 K. The dotted lines mark the location of additional spectral
intensity. The inset shows the distribution of jump angles, g(y), used
in the simulation; see text for details. In the bottom part, simulated
spectra for fast (r << 1/0) two-site jumps about various jump angles y
are compiled.
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Figure 6. Correlation functions F3 (t; t, = 2 us) at various tempera-
tures. Fits to eq 7 are included as dashed lines.

at all studied temperatures, we probe the rotational jumps of
the 3-fold methyl group axis. Hence, the Pake spectrum at 7 =
190 K shows that the limit of slow motion is fulfilled for the
reorientation of this axis and, thus, for the o-process of the
backbone, i.e., 7o > 1/0. At T = 230 K, observation of a
Lorentzian demonstrates the existence of fast isotropic motion
so that 74, << 1/0. The collapse of the Pake spectrum occurs at
about 220 K, indicating 74 ~ 1/0 ~ 4 us. However, closer
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Figure 7. Correlation functions F3 (fu; t, = 70 us) at various temper-
atures. Fits to eq 7 are included as dashed lines.

inspection reveals that, in the range 215—225 K, the spectra
can be described by a superposition of a narrow and a broad
LS component. Thus, two-phase spectra are found, showing that
correlation times 7o << 1/0 and 74 > 1/0 coexist; i.e., there is
a distribution G(log 7y).

In the temperature range 205—215 K, a different type of LS
changes is observed. In Figure 4, we have a closer look at the
spectra between 210 and 214 K. We see additional intensity at
about 8 kHz, which is higher for higher temperatures, while
the outer edges of the spectra are hardly affected. These findings
suggest that a -process does not only manifest itself in the
SLR but also in the LS. On the basis of the LS effects, we can
identify the S-process with an anisotropic motion. For example,
the additional spectral intensity at +8 kHz can be rationalized
when we assume fast (73 < 1/0) two-site jumps. In Figure 5,
we show calculated spectra resulting from two-site jumps about
different jump angles y in the limit of fast motion. Evidently,
the positions of the horns strongly depend on the jump angle.
For y ~ 50°, they are located at about £8 kHz, where the
additional intensity is found in the experimental spectra.
However, using a single correlation time 74 and a single jump
angle v, it is not possible to reproduce the experimental data.
Rather, we have to use distributions. Specifically, we have to
assume that a distribution G(log 7p) exists so that segments
exhibiting 7g > 1/0 and 73 < 1/9 yield a Pake spectrum and
an anisotropically averaged spectrum, respectively. Also, a
distribution of jump angles g(y) is necessary to smear out the
intensities resulting from the horns of the latter LS component.
In Figure 4, we see that such approach enables good reproduc-
tion of the experimental spectrum at 7 = 212 K. In the used
distribution g(y), the contribution at y = 0° can be identified
with the fraction of polymer segments showing 7 > 1/0 at
this temperature. On the basis of our results, we cannot
distinguish whether these segments are truly immobile or
whether they move just too slow on the experimental time scale,
i.e., whether the distribution G(log 75) is bimodal or continuous.
In any case, the temperature dependence of the LS indicates
that the fraction of segments showing fast anisotropic motion
on the experimental time scale increases with increasing
temperature, at least between 210 and 214 K. Although the two-
site jump model allows us successful LS analysis, we expect
that there are other models of anisotropic motion, e.g., rotational
diffusion on a cone, which enable a comparable reproduction
of the experimental spectra.

Further insights into the segmental motion of PBMP are
available when we measure 2T-CF in ?H STE experiments. In
Figures 6 and 7, we present F>(fn; t, = 2 us) and F5(tm; t, =
70 us), respectively. The former data map out the rotational
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Figure 9. Correlation times determined for PBMP-d; in various 2H
NMR experiments. Specifically, @0from STE experiments (F3) is
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Figure 10. F5(tm3; tm1 = 1, 10,30 ms) of PBMP-ds at 204 K. The
respective theoretical predictions for the homogeneous limit (dashed
lines) and the heterogeneous limit (solid lines) are included. For clarity,
the data corresponding to #,,; = 10 ms and f,; = 30 ms are shifted
upward by 0.5 and 1.0, respectively.

correlation function F, of the second Legendre polynomial
P>(cos 6) since, for t, — 0,

F5(t,) DDw,w,000P,lcos (0)1P,[cos O(z, )00 F(t,,)

Both F% and F9% exhibit nonexponential decays, which
strongly depend on temperature. For quantitative analysis, we
fit the decays to a KWW function. We obtain small stretching
parameters § = 0.23—0.24, indicating pronounced deviations
from simple single-exponential behavior. The mean correlation
times calculated from the fit parameters according to [F[]=
(t/p)T'(1/p) are displayed in Figures 8 and 9. Interpolation with
an Arrhenius law yields a high apparent activation energy of
E, = 3.5 eV (E, = 340 kJ/mol). However, if we combine the
correlation times from the STE experiments with that from SLR
and LS analyses, clear deviations from an Arrhenius law are
evident (see Figure 6). As expected for glass-forming polymer
melts, all data are consistently described by the Vogel—
Fulcher—Tammann (VFT) equation
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T =71, exp[

— TO] ®)

where B = 1150 K and 7p = 170 K. In previous studies, a
VFT temperature dependence was also observed for the
o-process of polyphosphazenes featuring bulkier side
groups,®** e.g., for poly[bis(trifluorethoxy)phosphazene] (PFEP).
Extrapolating the present VFT fit to lower temperatures, a
correlation time of 7 & 100 s is reached in the vicinity of the
calorimetric glass transition, 7, = 191 K? confirming that the
STE experiments probe the a-process. In agreement with this
conclusion, reinspection of Figure 6 shows that the observed
dynamical process leads to a complete decay of F5, as expected
for isotropic reorientation associated with the o-process, while
restricted reorientation typical of a S-process would leave a finite
residual correlation at #,,, > 7. Hence, unlike SLR and LS studies
at higher temperatures, STE studies do not provide evidence
for the existence of a faster S-process at lower temperatures.
For PFEP, a f8-process was observed below Ty, but not attributed
to main chain dynamics, which is probed in the present study,
but rather to some motion of the flexible side chain of this
polyphosphazene.?®*°

In STE experiments, variation of the evolution time 7, enables
adjustment of the angular resolution.''' Specifically, the
sensitivity to small changes of wq and, thus, to small angular
displacements is higher for longer #, (see eqs 2 and 3). Therefore,
the dependence of the STE decays on the evolution time can
be used to extract information about the geometry of the motion.
In particular, the dependence 7(z,) yields insight into the typical
jump angles during an isotropic reorientation process.'' While
7 is independent of £, for isotropic random jumps, i.e., if the
jump leads to a random new position on the unit sphere, 7 [J
1,~2 for isotropic rotational diffusion. In Figure 8, we see that
a significant extension of the evolution time leads to a moderate
decrease of 7. This finding shows that neither of the limiting
cases of large-angle and small-angle motion applies to the
a-process of PBMP. Consistently, mean jump angles of about
10° resulted from more detailed STE analyses for various
molecular and polymeric glass-forming liquids.'"'?

The pronounced nonexponentiality of the 2T-CF can be due
to homogeneous or heterogeneous dynamics (see section IIE).
For a quantitative analysis of its origin, we measure 3T-CF. In
Figure 10, we compare F§(tm3; tm1) of PBMP at T = 204 K
with the corresponding predictions for purely heterogeneous and
purely homogeneous dynamics, which were calculated from the
2T-CF using eqs 5 and 6. For various mixing times #y;, i.e., for
diverse dynamic filters, the experimental data lie between the
two predictions, indicating that heterogeneous and homogeneous
contributions are of comparable relevance.

V. Discussion and Conclusion

We demonstrated that PBMP exhibits a dynamical behavior
typical of glass-forming polymer melts.” Specifically, a com-
bination of 2H NMR SLR, LS, and STE analyses showed that
the temperature dependence of the a-process is not described
by an Arrhenius law, but rather by a VFT law. Also, the loss of
orientational correlation due to the o-process is nonexponential.
The nonexponentiality results from homogeneous and hetero-
geneous contributions; i.e., a distribution G(log 7,) exists. In
particular, the results of the present ZH NMR 3T-CF study on
PBMP resemble that of previous work on poly(propylene
oxide).>* Finally, molecular reorientation is not described by
the models of isotropic random jumps or isotropic rotational
diffusion, but it involves rotational jumps about moderate angles,
as was found for a number of glass-forming liquids.'' Hence,
the present results for a polymer featuring an inorganic backbone
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provide no evidence that the overall phenomenology of the glass
transition phenomenon depends on the specific backbone
architecture.

Nevertheless, there are some differences. The phosphorus—
nitrogen backbone of polyphosphazenes is highly flexible.
Therefore, polyphosphazenes exhibit fast segmental motion at
ambient temperatures, rendering them promising materials for
a use in polymer electrolytes, where fast polymer dynamics is
required to facilitate fast ion transport. The present 2H NMR
SLR and LS studies on PBMP imply that at least a significant
fraction of segments exhibits an anisotropic motion preceding
the structural relaxation in the moderately viscous melt. The
origin of this behavior is not yet clear. Our ’H NMR STE
measurements provide no evidence for the existence of such
motion in the highly viscous melt, suggesting that the observed
dynamics is not a typical B-process>’ because such secondary
relaxations persist even in the glassy state.
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