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than 3 eV is possible in the polymers that have a molec- 
ular weight of over 5000. Therefore, this is consistent 
with the observation of visible photoluminescence in these 
polymers. The broadness of the spectra are suggested 
to come from the variety of polymer sizes and dimension- 
ality. 

Conclusion 
Silicon network polymers exhibit quite different opti- 

cal properties from linear polysilanes. Their absorption 
spectra have completely different profiles, and they have 
broad photoluminescence spectra in the visible light region. 
These optical properties are attributed to a silicon net- 
work structure with a high dimensionality close to that 
of a 2D structure. These new materials provide impor- 
tant clues in bridging the gap between ID and 3D sili- 
con structures. 
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ABSTRACT: Dipolar rotational spin-echo, T](C), Tl,(C), and both direct and indirect T1,(H) relaxation 
experiments have been performed on partially crystalline poly(oxy-l,4-phenyleneoxy-l,4-phenylenecarbonyl- 
1,4-phenylene), commonly known as PEEK. The results of these experiments demonstrate that main- 
chain aromatic rings are dynamically active in only a relatively small part of the amorphous fraction. Most 
of the rings in both amorphous and crystalline regions are immobile. On average, the ether-ether rings in 
the amorphous regions of PEEK are slightly less mobile than the ether--ketone rings, presumably the result 
of interchain packing in the lattice. 

Introduction 

Poly(oxy- 1,4-phenyleneoxy- 1,4-phenylenecarbonyl- 
lP-phenylene), commonly known as PEEK,' has only ether 
oxygens and carbonyl carbons linking main-chain aro- 
matic rings. PEEK is hydrophobic and resists all com- 
mon organic solvents. Because PEEK can be heated above 
the melting point of its crystalline phase without chem- 
ical degradation, the fabrication of tough PEEK compos- 
ites is practical. Gaining some understanding of the 
mechanical properties of these composites may be helped 
by a characterization of the microscopic chain dynamics 
of the PEEK matrix. 

Magic-angle spinning, natural-abundance 13C NMR 
experiments can be performed on samples of PEEK to 

be used in engineering applications. Special prepara- 
tions of labeled materials are not required. Many of the 
natural-abundance 13C NMR methods developed to char- 
acterize PEEK as a homopolymer can also be applied to 
PEEK as one component of an engineering composite. 
In this paper, we report the results of a variety of 13C 
NMR dynamics experiments performed on partially crys- 
talline samples of PEEK homopolymer. We interpret 
these results in terms of motions of the two kinds of main- 
chain aromatic rings of PEEK, in either the amorphous 
or crystalline regions of the polymer. 

Experiments 
Magic- Angle Spinning. Cross-polarization magic-angle spin- 

ning I3C NMR spectra were obtained at room temperature on 
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Table I 
Crystallinity of PEEK as a Function of Thermal History 

thermal history density, g/mL crystallinity, % 

2 1  

H-C decouple 

n R  n/2 11 n n I I Acquire 

rotor I I 1 

0 1 2 
Figure 1. Pulse sequence for the measurement of spin-edited 
H-C dipolar evolution. The first delay time (arrow) was 60 ps. 

' I " "  I " "  I , ,  
200 150 100 PPM 

& 
Figure 2. 15.1-MHz CPMAS 1% NMR spectra of two par- 
tially crystalline PEEK'S. The numbers in the structural for- 
mula of the repeat unit assign carbons to resonances. 

a spectrometer built around a 12-in. iron magnet operating at 
a proton Larmor frequency of 60 MHz.2 Contact times of 2.0 
ms and repetition periods of 1 s were standard. Half-gram sam- 
ples were spun in a double-bearing rotor3 at 1859 or 930 Hz. 
The long-term stability of the spinning speed was f l  Hz. T1(C) 
was measured by the Torchia method4 and T1,(C) by standard 
procedures.5 

Carbon Dipolar Sideband Patterns. Carbon dipolar line 
shapes were characterized by dipolar rotational spin-echo (DRSE) 
l3C NMR. This is a two-dimensional experiment6 in which, 
during the additional time dimension, carbon magnetization is 
allowed to evolve under the influence of H-C coupling while 
H-H coupling is suppressed by homonuclear multiple-pulse semi- 
windowless MREV-8 decoupling.' The cycle time for the homo- 
nuclear decoupling pulse sequence was 33.6 ps, resulting in decou- 
pling of proton-proton interactions as large as 60 kHz. Six- 
teen MREV-8 cycles fit exactly in one rotor period so that strong 
dipolar echoes formed. A 16-point Fourier transform of the time 
dependence of the intensity of any peak resolved by magic- 
angle spinning in the chemical-shift dimension yielded a sym- 
metrized 16-point dipolar spectrum, scaled by the MREV-8 de- 
coupling and broken up into sidebands by the spinning.S.9 Side- 
band ratios in symmetrized dipolar patterns are averages of those 
in unsymmetrized patterns. 

Spin Editing. If a resolved peak arises from a combination 
of contributions from both protonated and nonprotonated car- 
bons, the resultant DRSE sideband pattern will not be inter- 
pretable in a direct way. This situation occurs for PEEK. To 

as received" 1.2651 1.0 
1.2658 2.5 152 O C  for 75 min 

153 OC for 75 min 1.2731 8.5 
156 "C for 75 min 1.2852 18.0 
as receivedb 1.2963 26.0 
a IC1 Victrex PEEK (K200). b IC1 Victrex PEEK (XK300). 

-chemical shift 

Figure 3. Dipolar evolution of a 26%-crystalline PEEK. The 
H-C dipolar evolution occurred over 536 ps (one rotor period) 
with H-H dipolar interactions removed by semiwindowless 
MREV-8 homonuclear decoupling. 

NON -PROTONATED PROTONATED 
AROMATICS AROMATICS 
f /in. 0) (line 0)  

SIDEBAND NUMBER SIDEBAND NUMBER 

Figure 4. Fourier transforms of the dipolar evolution of the 
centers of two of the lines of Figure 3. 

remove the contributions from the protonated carbons and sim- 
plify the pattern, the dipolar evolution period was preceded by 
an H-C dephasing period in the presence of H-H coupling (Fig- 
ure 1). This period was typically 60 ps and was followed by a 
flip-back pulse which restored the remaining carbon magneti- 
zation to the HO direction. Only magnetization from nonpro- 
tonated carbons survived the dephasing. A subsequent, longer 
delay allowed residual x-y magnetization resulting from pulse 
imperfections to disappear. The second delay could be chosen 
so that the time from the end of the CP contact to the start of 
the dipolar evolution was exactly one rotor period, a necessary 
precaution in other systemslo where H-C coupling for proto- 
nated carbons is not much larger than chemical-shift anisot- 
ropy. The dipolar sideband pattern of the protonated carbons 
contributing to the combination line can then be determined 
by the difference of patterns obtained without and with dephas- 
ing spin editing. 

In addition to spin editing by dephasing, DRSE patterns were 
sometimes altered by preceding the dipolar evolution with a 
variable-delay T1(C) waiting period to allow fast-relaxing com- 
ponents to escape. 

Materials. Samples of PEEK of varying crystallinity were 
prepared in the McDonnell Douglas Research Laboratories by 
the quenching and annealing of bulk polymer obtained from 
Imperial Chemical Industries. Crystallinity was estimated from 
density (Table I). A sample of poly(oxy-l,4-phenylenecarbonyl- 
l,4-phenylene), commonly known as poly(ether ketone) or PEK, 
was prepared by quenching in ice water a 350 "C melt of mate- 
rial supplied by Imperial Chemical Industries (Victrex PEK, 
LKB- 100). 
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Table I1 
Dipolar Rotational Sideband Intensities' for the Centerb of Line 1 of PEEKc 

sideband no. CP 
period, s contact, ms 0 1 2 3 4 5 

1 

4 

0.5 0.148 0.154 0.1'76 0.075 0.034 0.005 
2.0 0.151 0.154 0.1'78 0.077 0.032 0.005 
0.5 0.150 0.154 0.178 0.077 0.035 0.006 
2.0 0.144 0.146 0.178 0.081 0.035 0.006 

a Semiwindowless MREV-8 multipulse decoupling. Theoretical scale factor is 0.54. Magic-angle spinning at 1859 Hz. Chemical shift of 
117 ppm, 26';' crystalline. 
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/ x r.yi'of/ins 

I1 n /ull spectrum 

1 ' ' ' ~ I ' ' ~ ' l ' ~  

200 I50 100 PPM 

S C  

Figure 5. Dipolar echo spectra of a 1 %-crystalline PEEK with- 
out dephasing spin editing preceding dipolar evolution (bot- 
tom) and the difference between with and without dephasing 
spin editing preceding dipolar evolution (top). 

Table 111 
Dipolar Rotational Sideband Intensities. for the Right 

Sideb of Line 1 of PEEK0 as a Function of Dephasing Spin 
Editing 

sideband no. 
spin editing 0 1 2 3 4 5 

none 0.137 0.140 0.160 0.076 0.037 0.015 
60-ps dephasingd 0.083 0.147 0.166 0.088 0.059 0.007 

Semiwindowless MREV-8 multiple-pulse decoupling. Theo- 
retical scale factor is 0.54. Magic-angle spinning at 1859 Hz. Chem- 
ical shift of 116 ppm. The center of the line is at 117 ppm. 26% 
crystalline. Sideband pattern obtained with no dephasing minus 
that obtained with dephasing (chemical shift 116 ppm). 

Table IV 
Dipolar Rotational Sideband Intensities. for Spin-Editedb 

Line 2 of PEEK 
sample sideband no. 

crystallinity, 9; 0 1 2 3 4 5 
1 0.162 0.154 0.139 0.072 0.042 0.013 
8 0.157 0.155 0.146 0.062 0.046 0.012 

26 0.122 0.146 0.160 0.083 0.046 0.004 

0 Semiwindowless MREV-8 multiple-pulse decoupling. Theo- 
retical scale factor is 0.54. Magic-angle spinning at 1859 Hz. Side- 
band pattern obtained with no dephasing minus that obtained with 
60-ps dephasing (see Figure 1). 

Results 
I3C NMR Spectra and Dipolar Evolution. Charac- 

terization of the chain dynamics of PEEK by natural- 
abundance 13C NMR is complicated by the compactness 
of the aromatic-carbon region of the spectrum (Figure 
2). In general, the most directly accessible I3C NMR infor- 
mation about motion is obtained from protonated car- 
bons. The protonated aromatic carbons of PEEK con- 

5'3EBA'dU INUMBER 

Figure 6. Dipolar sideband patterns for spin-edited line 2 of 
PEEK as a function of crystallinity. 

TCH, Protonated Aromatics (line 9) 

I 

L-.------.--t- 
O * O  I 2 3 4 5 6 i 

Figure 7. Matched spin-lock, lH-W cross-polarization trans- 
fer dynamics at 50 kHz for PEEK as a function of crystallin- 
ity. 

T,me lmrecr 

tribute to lines 1 and 2 at 117 and 127 ppm, respectively." 
Line 1 arises from both the protonated aromatic carbons 
of the ether-ether and ether-ketone rings, while line 2 
arises from both protonated and nonprotonated carbons 
of the ether-ketone rings. Thus, in the rotor-synchro- 
nized DRSE experiment, line 1 is totally dephased, but 
line 2 is only partially reduced in amplitude by dephas- 
ing (Figure 3). The remaining three lines of the PEEK 
spectrum, all arising exclusively from nonprotonated car- 
bons, are not significantly reduced in amplitude by dephas- 
ing during the dipolar evolution period (Figure 3). 

The Fourier transform of the dipolar evolution of the 
center of line 1 yields a dipolar sideband pattern (Fig- 
ure 4, right) which indicates qualitatively an average ampli- 
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Table V 
Tl,(H)* (ms) of PEEK from Cross-Polarization Transfer 

L .  

E .  

8 :  

sample crystallinity 
line no.6 1% 8 90 26 % 

1 4.3 5.6 10.0 
2 4.1 5.2 8.6 
3 3.7 5.0 8.6 
4 3.9 4.6 8.8 
5 5.4 4.8 8.6 

a Radio-frequency field amplitude of 50 kHz. Line assign- 
ments of Figure 2. 

Tl,(H), direct 'H NMR 
I 

\ #  b 

a 

0 1 3 6 9 12 IS 18 21 
Proton Spin-lock Time (mrec) 

Figure 8. 60-MHz Tl,,(H) decay for the protons of a 26%- 
crystalline PEEK. Proton magnetization was observed directly 
by a solid echo following a variable spin lock at 65 kHz. 

Table VI 
Protonated-Aromatic ( Tl,,(C))a (ms) of PEEK 

sample crystallinity 

~~ 

37 6.7 9.4 13 
44 7.0 8.3 11 
50 6.0 8.2 12 
60 6.4 1.6 12 

a Least-squares fit to the observed decay between 0.05 and 1.00 
me after the turnoff of H1(C). 
tude of ring rotation less than that of, say, polycarbon- 
ate but more than that of polystyrene or poly(ethy1ene 
terephthalate).S The dipolar patterns of Figure 4 repre- 
sent contributions from all the carbons in PEEK. Con- 
ditions for the cross-polarization preparation part of the 
DRSE experiment were selected so that discrimination 
between crystalline and amorphous phases did not occur. 
The PEEK sideband patterns for line 1, for example, are 
the same for cross-polarization preparation contact times 
of 0.5 and 2.0 ms and for experiment repetition periods 
of 1 and 4 s (Table 11). 

Difference Spectra and Dipolar Patterns for the 
Ether-Ketone Rings. The dipolar spectrum of line 2 
arises just from the ether-ketone rings but is compli- 
cated by an intense centerband (and measurable first side- 
band, Figure 4, left) from the nonprotonated carbons of 
the ether-ketone rings. These contributions can be 
removed by spin editing preceding the dipolar evolution 
(Figure 1). The nonprotonated aromatic-carbon magne- 
tization is essentially unaffected by the 60-ps editing and 
so disappears from the difference between spectra obtained 
with and without spin editing. On the other hand, the 
protonated aromatic-carbon magnetization is totally 
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T,(C), Protonated Aromatics (l ine 0) 
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Figure 9. 15.1-MHz Tl(C) decay for the protonated aromatic 
carbons of PEEK as a function of crystallinity. 

PEK AND PEEK 
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Figure 10. 15.1-MHz CPMAS 13C NMR spectra of poly(ether 
ketone) (top) and poly(ether ether-ketone) (bottom). 

PROTONATED AROMATICS, line 0 
. 1 ether-athsrrmg j ether-ketone ring 

L 

N 
P 
;r' 
$ 3 :  
8 2  

$ g  

s =  

Figure 11. 
function of 

1 

SIDEBAND NUMBER SIDEBAND NUMBER 

Dipolar sideband patterns for line 1 of PEEK as a 
:rystallinity. The patterns on the left-hand side of 

the figure were obtained by using a chemical shift 1 ppm to the 
left of center of line 1, and those on the right-hand side of the 
figure were obtained from a chemical shift 1 ppm shift to the 
right of center. 

dephased by the editing and so appears unchanged in 
the difference spectrum (Figure 5). 

Except for the centerband, the protonated-carbon dipo- 
lar patterns are not affected by the dephasing spin edit- 
ing. For example, the ratio of the second to first dipolar 
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Table VI1 
Dipolar Rotational Sideband Intensities. for the Center of Line 1 of PEEKb as a Function of Tl(C) Spin Editing 

sideband no. 
.____ 

expt or calculation 0 1 2 3 4 5 

full echo, no T1(C) delay 0 151 0.1S4 0.178 0.077 0.032 0.005 
4-s T,(C) delay 0.112 0.131 0.184 0.091 0.043 0.017 
difference, normalized 0.269 0.224 0.161 0.035 
calc,c T flips 0 238 0.238 0.104 0.031 0.007 
calc,c flips, oscillations, wiggles 0.273 0.239 0.094 0.025 0.005 
calc: static 0 124 0.133 0.185 0.070 0.034 0.012 

Semiwindowless MREV-8 multiple-pulse decoupling. Theoretical scale factor is 0.54. Magic-angle spinning at  1859 Hz. * 26% crystal- 
line. ? Effective scale factor is 0.39. Details of the calculation are described in refs 8 and 9. 

Table VI11 
Experimental and Calculated Dipolar Rotational Sideband 

Intensity Ratios for Protonated Carbons of Ether-Ether 
and Ether-Ketone Rings of PEEK 

sample ether-ether" ether-ketone* 
crystallinity, '"( exP calc exP calc 

1 1.12 1.12' 1 0 3  1.00d 
26 1 2 1  1.19' i 14 119' 

a 118-ppm left-hand dipolar slice of line 1; center of line IS  at 117 
ppm. 116-ppm right-hand dipolar slice of line 1; center of 
line is a t  117 ppm. 85'"~ static plus 1 5 5  x flips superimposed on 
20' oscillations. 755  static plus 25$ x flips superimposed on 10' 
oscillations e 90', static plus lor (  Y flips superimposed on 10" o q -  

cillations. 

sidebands (n2/n1) for the right-hand side of combina- 
tion line 1 for the 267  -crystallinity sample is 1.13 with, 
and 1.14 without, dephasing spin editing (Table 111). This 
means that the dipolar difference spectrum for spin-ed- 
ited line 2 can be used to characterize unambiguously 
the amplitude of motion of just the ether-ketone ring. 
The n2/n1 sideband ratio for spin-edited line 2 increases 
with crystallinity (Table IV and Figure 6 ) .  

Rotating-Frame and Laboratory Spin-Lattice 
Relaxation. Proton Tl,'s increase with higher PEEK 
crystallinity as measured either indirectly by a cross-po- 
larization transfer to carbons (Figure 7 and Table V) or 
directly by means of a 'H spin-locking radio-frequency 
field. Results of the two experiments are in agreement. 
In the latter experiment, two-phase behavior is appar- 
ent for samples of higher crystallinity from multiple- 
component relaxation over long spin-lock times (Figure 
8) I 

The protonated aromatic-carbon TI, is independent 
of applied HI(C)  but is sensitive to sample crystallinity 
(Table VI). The protonated aromatic-carbon T I  is also 
sensitive to crystallinity (Figure 9). The 1 c (  -crystalline 
PEEK has 20-40% of its protonated aromatic carbons 
with a short T1(C), while the 260;: -crystalline material 
has 10-20% fast relaxers. The dipolar sideband pat- 
terns for these slow- and fast-relaxing components are 
markedly different (Table VII, rows 2 and 3, respective- 
ly). 

Discussion 
Main-Chain Motion in Amorphous and Crystal- 

line Domains. The fast-relaxing T1(C) component in 
the 26 9, -crystalline sample of Figure 9 arises from aro- 
matic carbons whose dipolar pattern matches that for 
rings undergoing 180' flips superimposed on small-am- 
plitude ring oscillations and wiggles (Table VII, rows 3 
and 5). However, this fraction represents only 10-2090 
of the total (Figure 9, solid triangles). The remainder 
(which includes all of the crystalline fraction) is essen- 
tially immobile (Table VII, rows 2 and 6). This result 

means that main-chain rings in most of the amorphous 
regions of PEEK are immobile. This conclusion is con- 
sistent with the moderately broad DRSE pattern observed 
for the 99% -amorphous sample (Figure 6, top). As crys- 
tallinity increases, the fraction of mobile rings decreases 
and the total dipolar sideband pattern broadens (Figure 
6, bottom). On the basis of the short average T1(C) and 
the H1(C) independence of Tl,(C), the average fre- 
quency of flips, oscillations, and wiggles is between 100 
kHz and 1 MHz. Because chains with immobile rings 
comprise the more slowly relaxing components in both 
Tl(C) and TI,(C) experiments, the average values of these 
relaxation parameters increase with higher crystallinity 
(Figure 9 and Table VI). 

Ether-Ketone and Ether-Ether Ring Mobilities. 
For the 26 % -crystalline PEEK, comparison of the dipo- 
lar pattern of the center of combination line 1 (Figure 4, 
right, and Table VII, row 1) with the dipolar pattern of 
the ether-ketone protonated aromatic carbons of spin- 
edited line 2 (Figure 6, bottom, and Table IV, row 3) 
shows that the nz/nl ratio is slightly larger for the cen- 
ter of combination line 1 (1.16 for the combination line, 
compared to 1.10 for the ether-ketone carbon line). The 
5 ( c  difference is outside the 2 '70 experimental variabil- 
ity in nz/nl. This means that nz/nl ratios are greater 
(and so the dipolar patterns wider) for the ether-ether 
rings than for the ether-ketone rings. 

We reach the same conclusion about nz/nl ratios more 
directly by examining multiple dipolar sideband pat- 
terns from line 1 alone. This approach avoids dephas- 
ing spin editing. The low-field side of combination line 
1 (118 ppm) arises predominantly from ether-ether pro- 
tonated carbons, while the high-field side (116 ppm) arises 
predominantly from ether-ketone protonated carbons. 
These assignments are based on the spectrum of poly- 
(ether ketone), which has no contributions from ether- 
ether rings (Figure 10). Then, from dipolar slices to the 
low- and high-field sides of the center of line 1, we see 
that the n2/nl ratio is slightly greater for the ether- 
ether ring than for the ether-ketone ring for both low- 
and high-crystalline-content samples (Figure 11). 

If the n2/n1 ratio is greater for the ether-ether rings 
than for the ether-ketone rings, then, on average, the 
ether-ether rings are less mobile than the ether-ketone 
rings. The difference in mobility may be due either to 
fewer ether-ether rings than ether-ketone rings under- 
going 180° flips in the amorphous regions or to slightly 
smaller amplitude oscillations and wiggles for the ether- 
ether rings (Table VIII). However, intuition based on 
isolated-chain intramolecular steric interactions dic- 
tates that ether-carbon linkages are more flexible than 
carbonyl-carbon linkages. We therefore attribute the 
experimental observation of reduced mobility of the ether- 
ether rings to the influence of interchain packing in the 
amorphous PEEK lattice. 
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ABSTRACT: The deuteron 2D exchange experiment has been applied to study the ultraslow rotational 
chain dynamics of atactic (aPP) and isotactic poly(propy1ene) (iPP). The motional mechanism was found 
to be vastly different for these polymers, reflecting the different chain conformation and packing. Whereas 
in amorphous aPP in the vicinity of the glass transition a diffusive motion was observed, iPP was shown 
to perform helical jumps about the helix axis in the crystalline domains at temperatures above 360 K. The 
temperature variation of the mean correlation times, obtained from an analysis of the aPP spectra based 
on isotropic rotational diffusion with a distribution of correlation times, follows the WLF equation over 11 
orders of magnitude between 10-10 and 10 s. The parameters extracted from this fit correspond to text- 
book values known from macroscopic measurements of the viscoelastic behavior in amorphous polymers. 
This shows that 2D NMR, although monitoring the chain dynamics via a localized probe, is able to follow 
the collective dynamics of the glass process. The discrete jump motion observed for iPP is caused by 120' 
rotations of the 31 helix about the helix axis. The relative angle of 113' between the methyl groups before 
and after the jump is determined from the 2D spectra directly without the need of interfacing a model and 
agrees with the value calculated from crystallographic data. 

Introduction 

The macroscopic properties of polymeric materials are 
often supposed to  be governed by the molecular motion 
of the macromolecular chains.lP2 The dynamics, in turn, 
depends on the arrangement of the chains in amorphous 
or crystalline states. A variety of physicochemical tech- 
niques have amply demonstrated the existence of sev- 
eral relaxations in completely amorphous as well as in 
partially crystalline polymers, and many studies are 
engaged in elucidating the molecular nature of these 
relaxations.1.3.4 Among these techniques pulsed 2H NMR 
and 13C NMR have proved to  be successful in probing 
molecular reorientations.5-8 Most techniques, however, 
cannot clearly discriminate between different motional 
mechanisms proposed for polymer chain dynamics. The 
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application of two-dimensional (2D) Fourier transform 
(FT) methods to the study of molecular motionss repre- 
sents a major step in order to solve this problem: through 
the 2D exchange experiment the molecular orientation 
is measured via the NMR frequency before and a f t e r  a 
mixing time t ,  during which slow dynamic processes 
changing the molecular orientation may occur. There- 
fore, by systematic variation of t,, the dynamic process 
can be followed in real t i m e .  Moreover, the experiment 
also yields unique geometric information since the angle 
by which the molecules rotate is measured directly, with- 
out the need of interfacing a model.VJO 

In fact, each 2D exchange NMR spectrum represents 
a statistically well-defined two-time distribution function." 
It describes the joint probability density to find mole- 
cules with NMR frequencies w1 before and w2 after the 
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