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Abstract

Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) (PEEK) selectively2H labelled in the ether–keto rings has been
studied by2H NMR T1 relaxation time measurements. Partially relaxed2H NMR lineshapes at 360 K indicate the predominant dynamic
process as a phenyl ringp flip. Computer simulations based on the model of a delta function for a rigid, crystalline phase and a log–normal
distribution of phenyl ring flip rates for the amorphous phase, show that fits to a combination of a simple and stretched exponential are
possible. However, accurate fits to the experimental2H saturation recovery curve based on exponential and stretched exponential functions
could not be obtained over the full temperature range of 260–421 K. Constraining the fit to the trends seen in the computer simulations,
allowed fits with only slightly increased errors suggesting that experimental error combined with the flexibility of the stretched exponential
leads to the poor fits. The acquisition of improved experimental data is severely hampered by the long crystalline phaseT1. An estimate of the
fast flipping fraction was made on the basis of the intensity after 100 ms recovery in the2H saturation recovery curve. From the increase in the
fast flipping fraction with temperature, an energy of free volume formation of 10^ 2 kJ mol21 can be estimated. Evidence was found for
fraction of the rings in the amorphous phase not undergoingp flips at theTg. q 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-
phenylene) (I ) more commonly known as PEEK [1], is a
tough semi-crystalline polymer with a crystalline melting
point in the region of 3358C and a glass transition
temperature,Tg, of about 1458C.

These thermal properties coupled with the high maximum
in-service temperature and an excellent chemical resistance
has led to its development as a high-quality engineering
thermoplastic. In particular, sophisticated polymer compo-
sites such as APC2 [2] can be manufactured by fabrication
with long carbon fibres. One attraction of PEEK as an engi-
neering plastic is the maintenance of good mechanical prop-
erties over a wide temperature range. An important element

in understanding the mechanical properties is a proper char-
acterisation of the microscopic polymer chain dynamics,
although it must be said that the precise manner in which
the dynamic processes couple with the mechanical energy is
largely unclear. To this end, the molecular motions in PEEK
have been studied by a number of methods including
dynamic mechanical spectroscopy [3,4], dielectric spectro-
scopy [5] and solid state NMR spectroscopy [6–9]. In addi-
tion, theoretical calculations have sought to identify the
molecular constraints on the types of motion and hence
the possible active modes [10]. CNDO calculations suggest
that whereas the ether–ether ring is capable ofp flips with
an activation energy of 15.9 kJ mol21, the ether–keto rings
are not. In contrast, the CPMAS13C NMR study by Poliks
and Schaefer [6] demonstrated that at room temperature
although most of the phenylene rings are immobile, at
most 10–20% undergoingp flips, the ether–ether rings
were somewhat more constrained than the ether–keto
rings. In any event, a substantial fraction of the rings in
the amorphous phase must be immobile. This is consistent
with the idea of a rigid amorphous fraction in poorly crystal-
lised PEEK as proposed by Wunderlich and co-workers on
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the basis of differential scanning calorimetry [11]. Although
a precise comparison is not possible because of the differing
thermal histories of the PEEK samples studied, the NMR
results do indicate a far higher level of rigid amorphous
polymer. 1H spin–lattice relaxation time measurements
under multiple pulse irradiation,T1×z, also suggest a three
phase model is required to describe semi-crystalline PEEK
[12]. Rather than a two exponential decay being seen for the
magnetisation, three exponentials were required to fit the
decay. Typical fractions, with relaxation times in brackets,
for an amorphous PEEK annealed at 3408C for 4 h are:
crystalline 0.31 (353.5 ms), intermediate 0.21 (21.1 ms)
and amorphous 0.48 (3.2 ms). This highlights the difficulty
with using the concept of a rigid amorphous fraction, since
the fraction determined depends on the particular motion or
motions being considered. In the case of the13C NMR
results, rigid is identified as those rings not undergoingp
flips. On the other hand, in theT1×z measurements, the
mechanism must be different, perhaps a torsional oscilla-
tion, otherwise the13C and 1H approaches would yield
contradictory results, with 48% of the1H nuclear spins
undergoing some motion capable of causing relaxation,
while only 10–20% of the13C nuclear spins relax at the
same time. A further weakness of the idea of a rigid amor-
phous fraction is that, it ignores the widespread evidence
from 2H NMR studies of polymer dynamics, which show
that dynamic processes are best described by distributions of
correlation times [13]. The principal aim of the current work
is to demonstrate whether or not a fraction of ether–keto
rings in amorphous PEEK polymer remains rigid, that is not
capable ofp flips at or close to itsTg with the use of2H
NMR spectroscopy on a PEEK selectively deuterated in the
ether–keto rings, PEEK-d8. A secondary aim is to charac-
terise the fraction of aromatic rings in the fast motion limit,
to see whether intermolecular constraints differ from the
glassy phase of other polymers in terms of the average
energy of hole formation [14,15]. As part of these aims, it
is necessary to consider the accuracy of the data analysis
based on non-linear least squares fitting to exponential and
stretched exponential functions. In particular, the conditions
under which the2H magnetisation can be analysed in terms
of rigid and mobile fractions.

The results described are based on2H spin–lattice,T1,
relaxation times. A thorough knowledge of the spin–lattice
relaxation time characteristics are essential, before any
attempt can be made to partition elements of the lineshape
into contributions from rigid and mobile fractions. Indeed,
there is little sense in sophisticated modelling of the line-
shape until the spin–lattice relaxation behaviour is charac-
terised, particularly since the partially relaxed NMR
spectrum often used to represent purely amorphous or
mobile components depend on a recovery time after a satur-
ating comb ofpulses [16]. Evidence for ring flipping in
PEEK can be seen in the partially relaxed2H NMR
spectra at 363 K, where in order to resolve the separate
effects of the ether–ether and ether–keto rings, selective

deuteriation can be carried out on the ether–keto or
ether–ether rings [9].

2. Experimental

2.1. Polymer

PEEK-d8, corresponding to PEEK deuterated in the
ether–keto rings was prepared using standard procedures
[17], with the exception that d8-difluorobenzophenone was
used. The resulting polymer has a molecular weight distri-
bution by GPC closely similar to the commercial grade
PEEK 150G.

2.2. NMR measurements

2H NMR measurements were made on a Bruker MSL200
NMR spectrometer operating at 30.7 MHz. A saturation
recovery pulse sequence was used to measure the2H T1

with a saturating comb of 10p/2 pulses separated by
20ms. The2H p/2 pulse was 3.3ms and the rf pulses and
amplitudes were optimised prior to data acquisition using a
multiple pulse tune-up procedure. Four hundred transients
were collected with a dwell time of 0.4ms using a quadru-
pole-echo pulse sequence with an interpulse spacing of
40ms. The recovery time was chosen in the range 10ms
to 300 s with 40 data points to represent the full saturation
recovery curve. Data analysis was carried out using a non-
linear least squares fitting algorithm based on the Leven-
berg–Marquardt method [18]. The functional form of the
recovery was assumed to be either multi-exponential,
stretched exponential or a combination of an exponential
and stretched exponential. The noise level for thex 2 signif-
icance test was based on the experimental signal-to-noise
ratio seen in the longest recovery time NMR free induction
decay.

2.3. Computer simulations

Computer simulations were carried out to assess the value
of different fitting functions for describing the magnetisa-
tion recovery observed after initial presaturation in the
PEEK samples, and thereby investigate the validity of parti-
tioning the decay into contributions from rigid and mobile
rings. The calculations took into account: the distribution of
T1 with correlation time,t ; the effect of echo reduction on
the intensity of the quadrupole echo [19,20] and the orienta-
tion dependence ofT1 [21].

All simulations were based on the typical recovery times
used experimentally, which were chosen to encompass the
broad range of spin–lattice relaxation times expected in a
polymeric system. The definition of the longer recovery
times, in terms of the number of points and time interval
between them, is less than satisfactory but is severely
constrained by the data acquisition times. Towards the end
of the saturation recovery curve, experimental points took
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an excess of 1 day each to collect. Calculations were carried
out assuming a log–normal distribution for the correlation
times defined by a mean flip rate,Vm, and a variance,s 2.
The width of the distribution was taken as lnVm ^ s . For
the majority of the simulated data sets, 41 elements were
used to represent the distribution, extending over^2s . A
few data sets were based on 101 and 201 elements to check
the adequacy of the more restrictive model. No significant
differences were seen for the data sets based on the larger
number of elements. The model chosen to represent the
polymer dynamics, and hence the2H spin–lattice relaxation
mechanism was restrictedp8 flips. Intermediate exchange
effects and the consequent attenuation of the quadrupole
echo for flip rates between 1027 s, t , 1024 s was taken
into account by calculating the free induction decay using
the exchange matrix formalism [19].

Two types of fit were examined. First, multi-exponential
fits and second a stretched exponential. Stretched exponen-
tials, as represented by Eq. (1),

M�t� � M0�1 2 exp�2�t=J�b�� �1�

also known as a Kohlrausch–Willians–Watts function can
be thought of as representing a superposition of expo-
nential contributions and thus describing the likely
physical picture of some distribution inT1 determined
by the distribution of ring flip rates. The averageT1 for the
stretched exponential,kT1l can be defined through Eq. (2)
[22,23]

kT1l � J=bG�b21�: �2�

Spin diffusion, which can lead to averaging of multi-site
T1 to a single value, is unlikely to be important except at
very long T1 values owing to the small dipolar coupling.
Indeed, based on the lamellar thickness of 5 nm representa-
tive of virgin PEEK, we can estimate that aT1 of 100 s
would be possible before appreciable averaging by
spin-diffusion takes place. However, to represent some
spin-diffusional limit, a maximumT1 of 50 s was used
in the simulated data sets. Noise from a gaussian distri-
bution of mean zero and standard deviations n was
added to each data point. Typically a value of 0.02
was chosen fors n with respect to the normalised inten-
sity of 1.0, which represents a realistic experimental
signal-to-noise ratio, achievable when recovery times
of the order of 300 s have to be used. Calculations
were carried out for two cases: (i) a single log–normal
distribution representing both mobile and rigid polymer;
and (ii) two distributions (one, a delta function, corre-
sponding to the rigid fraction of the polymerfR� 0.3
and the second a log–normal distribution for the mobile
polymer,fM � 0.7). A value offR� 0.3 was chosen for
the rigid fraction as this represents a typical crystallinity
seen for PEEK.

3. Results and discussion

3.1. Computer simulations

The treatment of broad distributions has led to the idea of
populations of rings undergoing fast and slow flips. Often
this choice is made on quite arbitrary grounds, and yet in the
present case there is a need for an accurate assessment of the
fast and slow flipping populations, if we are to say whether
there is a rigid amorphous fraction. At its simplest, the
distribution of rates for the ring flip in semi-crystalline
PEEK must be bimodal, with a crystalline rigid component
and an amorphous mobile component. The mean flip rate
and variances are unknown as also is the nature of the two
distributions, though there are strong grounds for adopting a
log–normal distribution. These distributions will overlap,
especially at low temperatures. We can interpret the rigid
amorphous fraction in one of the two ways. First, it can
represent another discrete distribution which may or may
not change with temperature. Second, it may merely repre-
sent the slow flip rate end of the distribution of the amor-
phous polymer dynamics. Simulations of the spin–lattice
relaxation characteristics are essential because of the
concern about the extent to which the2H T1 data can be
analysed in terms of a rigid and mobile fractions, particu-
larly when we are dealing with distributions of correlation
times.

3.1.1. Single distribution
As expected, a single exponential function cannot satis-

factory describe a2H magnetisation recovery curve arising
from a polymer containing a distribution of ring flipping
frequencies, except in the limit of a narrow distribution in
flipping rates. Thus fitting errors are in excess of 4% even
when the standard deviation of the flip rate distribution is
just 1.4. Only whens is about 0.88 the errors then fall below
the 2% required for a statistically acceptable fit. Note, that
typical experimental distribution widths for amorphous
polymers derived from2H lineshape analyses, can be rather
broad at 4.0 decades or more [24,25]. A log–normal distri-
bution of variances 2 will have a width of 2s log edecades.
Hard and fast rules about the magnitude of the fitting errors
are, however, difficult to give, because the width of the
distribution giving an acceptable fit also depends on the
mean flip frequency. This is illustrated in Fig. 1 where the
x 2 seen in the fit is plotted as a function ofVm ands . In
general, the broader the ring flipping rate distribution, the
lower the mean flipping rate should be forx 2 to have a low
value. Stretched exponentials will give an acceptable fit
over a wider range of distribution widths, up tos , 2.6.
Overall, the values forx 2 are an order of magnitude lower
than for the simple exponential. But even so, as demon-
strated in Fig. 2, larger errors than those strictly acceptable
will be seen, whenVm is the region of intermediate
exchange, 104–105 Hz. Characteristically, ass increases
b decreases, as shown in Fig. 3, demonstrating that the
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degree of non-exponential behaviour increases as the distri-
bution becomes broader. This conclusion is in line with
earlier work by Kulik and Prins [22], as well as Jeffrey et
al. [24]. Similarly, increasingly broader distributions show a
smaller value forJ, assuming that the correlation time for
the ring flip lies on the slow motion side of theT1 minimum.
Finally, as the distribution is pushed across theT1 minimum,
J begins to increase again. But it is important to note that
whens is in excess of 4.0, the fitting error even for the
stretched exponential rises to about 4%, far exceeding the
experimental noise. Consequently, a stretched exponential
cannot be considered to give an adequate description of a
broad distribution of flip rates, for example, when the distri-
bution has a width of 3.5 decades.

The results of the stretched exponential fits to simulated
log–normal distributions also calls into question the validity
of the transformation of the distribution ofT1,(r(T1) into a

distribution of correlation times,rT1(t) presented by Kuliks
and Prins [22]. In the case of polystyrene-d3, they invert data
with kT1l , 1 s andb , 0.6 to give a skewed distribution
lacking long correlation times, yet a log–normal distribu-
tion of correlation times will give J� 0.63 s and
b � 0.6682 implyingkT1l� 0.83 s, whentm� 0.37 MHz
ands � 1.54. Removing the restriction ofT1 which might
be thought to implicitly skew the distribution, has no influ-
ence on this conclusion, sinceJ� 0.67 s andb � 0.6539
whenT1 points out to a recovery time of 5000 s are included.
Clearly, particular values ofkT1l andb , representative of
Kulik and Prins data, can be obtained from a log–normal
distribution showing either that the transformation is flawed
or at least capable of yielding a number of correlation time
distributions. This suggests that there is little value in trying
to invert theT1 data to get a correlation time distribution and
hence partition the aromatic ring into fast and slow flipping
fractions by this means.

Two exponential fits to the magnetisation recovery curve
are almost as good as the stretched exponential ones, but the
derived fractions for the short and long time constants compo-
nents are essentially worthless, as they represent changing
criteria for what constitutes a fast motion. For example, a
two exponential fit of a log–normal distribution with
s � 2.0 gives an amorphous fraction of 0.37. Now calculating
the cut-off frequency,V corresponding to this fraction and
taking the amorphous component as the upper tail of the
log–normal distribution, we find from the log–normal variate
x� (ln V 2 ln V0)/s thatV is 0.74 MHz. On the other hand,
whens � 3.0, the amorphous fraction is found to be 0.57
giving the cut-off frequency for the upper tail as 0.2 MHz.
With the previous definition for the cut-off frequency A
would be only 0.41, a substantial difference in the amorphous
fraction. Consequently, two exponential fits to a single distri-
bution ofT1 values for2H relaxation in this type of system are
meaningless in terms of defining a rigid and mobile fraction.

3.1.2. Two distributions
Two models were considered with the aim of testing how

well a rigid fraction and a mobile one could be resolved;(i) a
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Fig. 2. Plot ofx 2 from a stretched exponential non-linear least squares fit to
a computer simulated2H saturation recovery curve based on a single log–
normal mobile distribution of phenyl ringp flips, with a mean flip rateVm

and variances 2. With three constraints, the expectedx 2 is 37.0, for which
the goodness-of-fitQ is 0.5.

Fig. 3. Variation in the degree of non-exponential character (b ) with the
standard deviation of the distribution for the phenyl groupp flips (s). The
solid line is shown to aid the eye and does not represent a fit to the data.Fig. 1. Plot ofx 2 from a single exponential non-linear least squares fit to a

computer simulated2H saturation recovery curve based on a single log–
normal mobile distribution of phenyl ringp flips, with a mean flip rateVm

and variances 2. The expectedx 2 is 38.0, given two constraints, for which
the goodness-of-fitQ is 0.5.



stretched exponential and (ii) a stretched exponential with
an exponential.

3.1.2.1. Stretched exponentialA single stretched
exponential only gives acceptable fits to the two
distribution model when the mean flip rate for the mobile
distribution is small, less than 104 Hz., as would be seen at
low temperature, see Fig. 4. The reason for this being that at
low flip rates, the mobile and rigid distributions overlap to
such an extent they are effectively coincident.x 2 tends to
increase more rapidly when the log–normal distribution is
narrow reflecting a greater divergence from the idea of a
single distribution representing the phenyl ringp flips.
These results clearly demonstrate that the low temperature
2H NMR saturation recovery curve can be expected to fit to
a single stretched exponential.

3.1.2.2. Stretched exponential and exponentialAcceptable
fits with ,2% error were seen for the stretched exponential
and exponential model over a wide range of mean flip rates

Vm� 1–108 Hz and widths for the distribution,s � 1.0–5.0.
The errors exceed 2% only for intermediate mean flip rates,
but in no case are greater than 2.6%. In practice, increasing
temperature will tend to narrow the mobile distribution as
well as shifting it to faster flip rates thereby minimising the
possibility that the combined single exponential and stretched
exponential will give larger errors. This was modelled by
assuming an activation energy of 30 kJ mol21 for the mean
flip rate, and allowing the width to vary linearly with
temperature in line, with upper and lower values seen for
polystyrene-d3 [24]. The effect on the fitting parameters is
shown in Fig. 5. In all cases, the fit was statistically
acceptable. At low temperature, the mobile distribution
overlaps the rigid one and tends towards the limitingT1.
Thus, the fit is determined by simply an exponential with a
small mobile component. As the temperature increases, the
rigid fraction steadily decreases towards its limiting value
fR� 0.3 with the mobile distribution shifting to shorter
correlation times. The shift ensures that it can be treated as
a discrete distribution with the same results as that of a single
distribution. This can be seen byb tending towards 0.475,
consistent with a distribution of a standard deviation 2.6.
Until very high temperatures, the long correlation time tail
of the mobile fraction is incorporated into the rigid fraction,
suggesting that it might prove almost impossible to
distinguish between a true rigid amorphous fraction and
simply a tail to the mobile amorphous distribution. All the
fits to the simulated data sets, based on a rigid and mobile
fraction with realistic parameters followed readily
understandable trends, with fitting errors of less than 2.5%,
demonstrating that analysis of this type of physical model is
possible using the experimental2H spin–lattice relaxation
saturation recovery results. Additional broadening of the
rigid component will not affect the conclusion providing
the distribution remains quite narrow, and is thus well
represented by a simple single exponential. Some problems
were, however, encountered when fitting to a simulated
saturation recovery curve at low flip rate end, since the
single exponential is sufficient to fit the data leading to a
trade-off between the two functions resulting in physically
unrealistic values for one or the other of the functions.

3.2. 2H spin–lattice relaxation time measurements

All the experimental2H saturation recovery magnetisa-
tion curves were observed to be non-exponential, regardless
of temperature, an example is shown in Fig. 6. Such beha-
viour is consistent with a distribution of flip rates for the
dynamic process leading to2H relaxation. Despite the
earlier computer simulations which suggested a single expo-
nential and stretched exponential fit, would be adequate to
represent the experimental data, severe problems were
experienced analysing the low temperature data. In particu-
lar, the derived parameters showed little systematic trend
with temperature. This is consistent with the interactions
noted above between the exponential and stretched
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Fig. 4. Plot ofx 2 from a stretched exponential non-linear least squares fit to
a computer simulated2H saturation recovery curve based on a rigid frac-
tion,fR� 0.3, and a mobile fractionfM � 0.7, described by a log–normal
distribution of phenyl ringp flips with a mean flip rateVm and variances 2.
The expectedx 2 is 37.0, for which the goodness-of-fitQ is 0.5.

Fig. 5. Variation in the fitted parameters for an exponential and stretched
exponential fit to a two distribution model of the phenyl ring flip rate.
Mobile rings are represented by a log–normal distribution and rigid rings
by a delta function. The mobile fraction is 0.3 and the limiting rigid ringT1

is 50 s.



exponentials when fitting low flip rate data. In contrast, at
higher temperatures when the mobile and rigid polymer
dynamics became well separated, acceptable fits could be
obtained. Indeed, at lower temperatures, it was found to be
preferable to use only a stretched exponential, even so the
flexibility of the stretched exponential combined with the
experimental error meant that no sensible trends could be
derived as shown in Table 1. Partial confirmation that the
difficulties experienced in the fitting were caused by these
factors is provided by the results of constrained fits, where
the value ofJ was fixed for a given temperature to give a
trend of decreasingkT1l with temperature for the mobile
distribution.x 2 for these constrained fits were only slightly
in excess of those expected, and still gave a reasonable
goodness-of-fit valueQ of 0.01. The initial trend observed
in terms of decreasingb andJ is consistent with the picture
of a broad distribution being created by the mean flipping
frequency of the mobile fraction moving to higher
frequency, while the flipping frequency of the rigid compo-
nent remaining essentially constant. A further reason for the
difficulty in fitting the experimental saturation recovery
curve is that, the curve is not sufficiently well defined at
the longer recovery times. Some support for this is provided
by the fits found in the2H data up to 1 s recovery time,
where the stretched exponentials gave results consistent
with the earlier computer simulations. Given that the2H
T1 for the rigid component (crystalline or amorphous) is
largely temperature independent at ca. 45 s, we would

expect it to contribute at most 4% to the2H NMR signal
after 1 s. The recovery of the rigid fraction magnetisation
should correspond to the exponential component, since the
distribution of flipping rates will be narrow. In addition to
the poor definition of the recovery over the last data points
arising from the small number of points, there will also be
errors from the scatter in the experimental intensities. Given
an intrinsic rms noise of ca. 2% of the maximum signal
intensity, fluctuations as large aŝ4% are possible 5% of
the time. With 40 data points, we can expect two data points
to have errors as large as this. This is particularly important
at the cross-over between the rigid and mobile parts of the
saturation recovery curve. Errors here will decide whether
the mobile contribution appears to continue to increase or
reaches a plateau. Taking the example of data collected at
300 K, unconstrained single exponential and stretched
exponential fits gave a rigidT1 of 195 s, indicating that
the long recovery time data points are poorly defined.
When the rigidT1 is constrained to be 45.3 s, we find
fR� 0.52; T1� 45.3 s; and fM � 0.48; J� 1.034 s;
b � 0.4558.

Two further sets of data collected at 300 K and analysed
only over the first 1 s of the recovery gave results in good
agreement, as follows: (i)J� 1.32 s;b � 0.4194; and (ii)
J� 1.12 s;b � 0.4126. It should be noted as we are only
fitting the mobile contribution to the saturation recovery
curve, we do not obtainfM,R. If these results where obtained
from a log–normal distribution, then the mean jump
frequency would beVm� 0.14 MHz, with a standard devia-
tion, s , 2.8, which corresponds closely to the jump
frequency causing the maximum reduction in the echo
signal intensity by intermediate exchange. Despite the
value of constraining the rigidT1 for the 300 K data, no
similar benefit was seen for the data collected at 328 and
348 K. Both sets of data gave very low values forb , ,0.25
and large values forJ, implying much larger values for the
averageT1, kT1l, which seemingly followed no consistent
trend. One might expectkT1l to decrease with temperature as
the mobile distribution is shifted towards shorter correlation
times. Although a full statistical analysis of the effect of
noise has not been carried out, the difficulties experienced
in analysing the saturation recovery curves do not appear to
be attributable to a poor signal-to-noise in the data, because
when noisy data was computer simulated: log–normal
distribution,V0� 0.36 MHz ands , 3.0, with sn� 10%
kT1l only increased from 0.3 to 1.0 s withb decreasing from
0.508 to 0.397.

In light of these difficulties, no attempt was made to
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Fig. 6. 2H NMR saturation recovery curve (30.7 MHz) for PEEK-d8 at a
temperature of 391 K.

Table 1
Stretched exponential fits to the PEEK-d8 saturation recovery curve. In the
constrained fits, the value ofJ was fixed at the value shown in the table

T (K) J (s) Jcon (s) b b con

260 3.34 0.551
260 14.3 0.444
280 12.2 0.415
300 9.2 0.391
320 111.21 0.280
320 5.0 0.335

Table 2

Mobile Rigid

fM J (ms) b fR T1 (s)

391 (K) 0.41 44.4 0.4219 0.59 45.0
420 (K) 0.35 19.9 0.5188 0.65 32.6



characterise quantitatively the temperature variation in the
2H saturation recovery curve in terms of mobile and rigid
fractions. Instead, attention was turned to the specific ques-
tion of whether a rigid amorphous fraction exists at or close
to theTg of PEEK. Here we can expect the analysis to be
more straightforward, because the distribution associated
with the mobile component will both be narrower than at
lower temperatures and well shifted from the rigid one. A
comparison of the mobile and rigid relaxation parameters at
391 K well below theTg and at 420 K just above theTg are
shown in Table 2. Clearly in PEEK-d8 above itsTg, the rigid
fraction is in excess of the crystalline fraction demonstrating
the presence of a rigid amorphous fraction. Moreover, this
does not appear to correspond to the tail of an amorphous
distribution, but represents a specific element in itself.

Over the temperature range studied 300–420 K, the
intensity of the quadrupole echo signal showed a deviation
less than 5% from the intensity expected on the basis of the
Boltzmann factor. The question which arises is whether this
is consistent with the nature of the distribution from the
mobile component. Certainly, as the distribution describing
the flipping frequency broadens the population of rings flip-

ping with rates within the intermediate frequency range, will
decrease and thus lessen the reduction in the echo intensity.
Calculations indicate that when the log–normal distribution
is defined by a standard deviation of 5.0, the signal reduction
factor may vary from,0.6 at the minimum to,0.8 towards
the fast motion limit, see Fig. 7. This would imply a devia-
tion of only^0.1 with respect to a mean intensity. Further-
more, if the mobile fraction distribution only constitutes
40% or so of the total intensity, it is perfectly plausible
that the intensity of the observed signal will vary by less
than 5%. Larger intensity variations are predicted if the
distribution is narrower, consequently the observed intensity
changes must imply that the distribution is indeed broad.
Some support for this is provided by the2H NMR line-
shapes, where essentially no change is seen in the lineshape
as the quadrupole echo delay varied from 50 to 100ms.

3.3. Fast Flipping Fraction

Given the problems highlighted above in getting satisfac-
tory fits to the complete saturation recovery curve for the2H
magnetisation, a simpler approach was adopted towards
estimating the fraction of aromatic rings undergoing fast
p flips. Fast flips can be defined as having a correlation
time t , 1027 s [14,16], implying a spin–lattice relaxation
time, T1 of the order of 55 ms, consequently the signal
observed after a recovery time of 100 ms will closely
approximate the fast flipping fraction. Clear evidence for
the principal motion beingp ring flips is provided by the
2H NMR spectrum of PEEK-d8 at 363 K, acquired in a
partially relaxed NMR experiment using a recovery time
of 100 ms (Fig. 8). No attempt was made to present a
more sophisticated model for the ring dynamics in terms
of additional ring motions. Commonly, the rate of ring flip-
ping is discussed in terms of the local free volume, since it is
reasonable to believe that an increase in the local free
volume will facilitate the flipping process. Furthermore,
since the free volume increases with temperature, we can
expect the rings to be less constrained and thus more able to
flip leading to an increase in the fraction of fast flippers. In
essence, the broad distribution of aromatic ring flip rates
present in the polymer is shifted to shorter correlation
times. Qualitatively, this is observed with only 9% or so
fast flipping at 260 K but 35% at 420 K, just above theTg.
More quantitatively, for a polymer glass the free volume
fractionf can be expressed in terms of the absolute tempera-
ture,T, through the relationship

f � A exp�21=RT� �3�
whereA is approximately constant,e is the mean thermo-
dynamic energy required for the free volume formation, and
R the gas constant. Assuming this relationship still holds for
a semi-crystalline polymer and furthermore that the fraction
of fast flipping aromatic rings is proportional to the frac-
tional free volume, we can expect a linear relationship
between lnf and the inverse temperature. It is not necessary
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Fig. 7. Echo reduction factors in a2H quadrupole echo pulse sequence for a
log–normal distribution of phenylp flip rates based on a 50ms echo delay
as a function of the standard deviation of the distribution (B: s � 1.0;
X:s � 3.0;O: s � 5.0).

Fig. 8. 2H quadrupole echo NMR spectra (30.7 MHz) of PEEK-d8 at 391 K
illustrating the presence of fast phenyl ringp flips: dwell time of 0.4ms; and
echo delay of 40ms. (a) Partially relaxed spectrum acquired after a recovery
time of 100 ms. (b) Fully relaxed spectrum acquired with a recovery time of
60 s.



to know the true amorphous factorA, since this will only
introduce an error in they-intercept. In the case of PEEK,
the mean energy required to create sufficient free volume for
a ring flip to take place derived from this relationship is
7.9 kJ mol21 (ln A� 2.23), with a correlation coefficient
of 20.9762 (see Fig. 9). This energy derived for free
volume formation is not only lower than that seen for glassy
polymers where a value of the order of 15 kJ mol21 is typi-
cal, but it is also lower than the value of 15.4 kJ mol21 seen
in broad line 1H NMR studies [8]. However, it must be
borne in mind that the1H NMR results represent an average
activation energy for both the ether–ether and ether–keto
rings and so do not necessarily conflict with the present2H
NMR results based solely on the ether–keto rings. Although
wide variations in the fast flipping fraction, and thus the
derived energy of free volume formation are possible by
altering the criterion for fast flipping, these still do not
fully account for the discrepancy. For example, taking the
intensity seen after a recovery time of 30 ms, the energy of
free volume formation is 12 kJ mol21 (ln A� 2.24), corre-
lation coefficient20.965, while at further shorter recovery
times and low temperatures, the signal-to-noise ratio limits
the accuracy of the determination of the fast flipping frac-
tion.

4. Conclusion

Computer simulations of2H saturation recovery decay
curves representing a rigid component and broad mobile
distribution suggest that analysis by a combination of a
stretched and normal exponential will allow the two compo-
nents to be separated. Multi-exponential fitting of similar
data though expected to give statistically acceptable fits,
does not give sensible fractions for the derived mobile and
rigid components, because the frequency cut-off criterion
defining the various phases is not a constant, but varies
from data set to data set. Partially relaxed2H NMR spectra
of PEEK-d8 show that the ether–keto rings in PEEK are
undergoingp flips, while the saturation recovery data indi-

cates qualitatively that the proportion of fast flipping rings
increases with temperature. Quantitative analysis of the
saturation recovery curve over the full temperature range
is hindered by the overlapping mobile and rigid distributions
at intermediate temperatures, despite the evidence from the
computer simulations that a fit should be possible. Inade-
quacies in the saturation recovery curve at long recovery
times probably accounts for the difficulties, however,
improving the data quality is severely limited by time
constraints. At low temperatures, where the distribution
associated with the higher temperature mobility overlaps
the rigid phase, a single stretched exponential is adequate
while at high temperatures where the mobile distribution is
well separated, a stretched and normal exponential model
can fit the data. Close to theTg, the fast flipping fraction is
significantly less than the amorphous content based on the
polymer crystallinity, indicating the presence of a rigid
amorphous fraction. Moreover, the fraction is in excess of
that expected from the long correlation time tail of the
mobile fraction, suggesting a distinct rigid amorphous mate-
rial. Analysis of the relaxation data based on the fast flipping
fraction allows a energy of hole formation of 7.9 kJ mol21 to
be derived.
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Fig. 9. Plot of the fast flipping fraction present in PEEK-d8 as given by the
intensity after 100 ms in the saturation recovery pulse sequence against the
inverse temperature. The solid line is the linear least square regression fit.


