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The motion of ( -CD2-)  N chains with fixed ends has been simulated in a diamond lattice for variable 
chain lengths and end-to-end distances. The deuteron n.m.r, line shape was calculated for various 
motional constraints. Motional narrowing of experimental n.m.r, spectra between room temperature 
and the melting point of deuterated polyethylene can be understood by a simple model chain. The 
model assumes rapid motion of short subchains between entanglements which move slowly but allow 
for further line narrowing at higher temperature. 

INTRODUCTION 

Molecular motion in solid polyethylene (PE) has been inves- 
tigated extensively by application of n.m.r, methods, in 
particular wide line L'2 and spin lattice relaxation 3 studies of 
1H-n.m.r. (most of the earlier literature cited in these 
papers), and, more recently, of 13C-4's and 2D-n.m.r. 6'~. 

The analysis of lH-n.m.r,  in terms of particular motional 
models is difficult since it entails the problem of dipolar inter- 
action between many protons. Furthermore, there is no 
unambiguous procedure for separating the contributions 
from protons in the crystalline and amorphous regions~ res- 
pectively. Proton spin lattice relaxation times T 1 are strongly 
influenced by spin diffusion effects a. Thus, the T 1 values 
reflect end group rotation at low temperatures, whereas, at 
high temperatures, the contributions from protons in crys- 
talline regions (a-process) become considerable 3,s. Recently, 
13C-n.m.r. has been studied in PE by Mandelkern and 
collaborators 4,s. Here, the relaxation times T 1 and the line 
shapes* are determined purely by intramolecular contribu- 
tions, and can be treated readily by model calculations dis- 
cussed in the present paper. 

The observable entities of 2D-n.m.r. are governed by 
nuclear quadrupole coupling of the deuteron with the electric 
field gradient that originates from the C-D o-bond, all other 
couplings contributing only a few percent in deuterated 
PE 6. Relaxation and motional narrowing are related directly 
to motions of the C-D vector. The line shape of rigid 
deuterons is the 'Pake spectrum '9. Thus, the crystalline con- 
tribution can be subtracted from the total line shape of 
partially crystalline PE. This is possible even at temperatures 
where the a-process occurs in the crystalline regions, since 
180 ° jumps have no influence on 2D-n.m.r.  9. Former 
2D-n.m.r.  investigations of solids have been hampered by 

]" Present address: Firma Grundig, D-8510 F~irth, W. Germany 

* Additional broadening by field inhomogenity and probe geometry 
has been avoided in present investigations (private communication 
with Professor Mandelkern) 

low signal-to-noise ratios. Recent advances have overcome 
this difficulty. By using cryomagnets, the 2D Larmor fre- 
quency can be increased to the values of former IH fre- 
quencies, e.g. 55 MHz at 8.5 T. An even more drastic noise 
reduction is possible through the Fourier transform solid 
echo technique 7 which is well suited for deuterated poly- 
ethylene (PED) since the short spin lattice relaxation time 
T 1 allows for repetition times of the order of seconds. An 
observable solid echo in the amorphous regions of PED 
proves the existence of motional constraints with a life time 
longer than the pulse distance of the solid echo sequence. 
Further information on chain dynamics is available from spin 
lattice relaxation times T 1 which can be studied separately 
for the amorphous and the crystalline regions in PED, and 
from the response to the Jeener 3 pulse sequence 1°, sensible 
to slow molecular motions ~1. 

Simulation of chain motion in a diamond lattice ~2'~3 is 
compared favourably with 2D-n.m.r.  line shapes since the 
possible directions of the C-D vectors coincide with the 4 
tetrahedral axes of the lattice. Thus, a n y  chain motion in 
the lattice is seen from the viewpoint of 2D-n.m.r. as a 
special mechanism for producing tetrahedral jumps of the 
C-D vectors. Since the 'rapid motion limit' (proven by the 
existence of solid echos) applies to the amorphous regions 
of PED, the 2D line shape is determined uniquely if the 
probabilities w i (i = 1, 2, 3, 4) of finding the C - D  vector in 
one of its 4 possible orientations are known for each deutron 
of the model chain. Within the limit of a completely flexible 
chain, all w i are equal to 1/4, resulting in complete narrow- 
ing of the spectrum into a 6-function line at the 2D Larmor 
frequency. At the other extreme, a fully extended chain is 
fixed to its a l l - t rans  conformation where one of the w i equals 
unity for each deuteron, and the line shape becomes the 
'Pake spectrum' of the rigid limit. In a chain with fixed 
ends, the probabilities w i are different because of motional 
constraints that are most severe for short chains, and for 
longer but relatively extended chains. 

The purpose of our line shape calculations is to obtain 
some estimate of the length of flexible chain segments bet- 
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Figure I Carbon chain in the d i a m o n d  lat t ice,  N = 11, h / h  0 = 0.2.  
Tet rahedra l  d i rect ions:  1 = [ 1 1 1 ] , 2  = [ 1 1 1 ] , 3  = [ 1 1 ] ] _ , 4  = [ 1 1 1 ] .  
Coo rd ina te  s y s t e m x ,  y,  z :  the axes y = [010 ]  a n d z =  [101 ]  ( . . . . .  ) 
are shown 

ween points that are 'fixed' with respect to the time scale of 
the solid echo sequence (about 0.1 ms). The fixed C-atoms 
exist at the surface of the PE crystals and as 'entanglements' 
within the amorphous regions. Line width decreases drasti- 
cally on heating PED in a region between room temperature 
and the melting point: from this experimental observation, 
we have to conclude that an increasing number of 'fixed' 
C-atoms become mobile with respect to our time scale. 
These findings have motivated our design of the model des- 
cribed in the following section. Although this model may 
appear highly artificial at first sight, it will be shown that it 
contains the essential features of chain motion in the amor- 
phous regions of PE. 

MODEL TREATMENT OF CHAIN MOTION 

Chains between fixed ends 
A model chain constrained to the diamond lattice is charac- 

terized by the number N of C-atoms, and the end-to-end 
vector h. In most of our calculations, we assume that h is 
parallel to one of the 6 (positive) directions that are possible 
for all-trans chains in the diamond lattice, namely, [ 101 ], 
[]01],  [110], [ l i 0 ] ,  [0111, and [011]. In particular, 
[ 101 ] and [ I01 ] are chosen as x- and z-axes, respectively, 
of a lattice-fLxed right-handed rectangular system x, y, z 
(Figure 1). We define the relative end-to-end distance by 
h/h 0 where h 0 is the distance for an all-trans chain. There 
are 4 possible C-D directions for each deuteron of the chain 
labelled by numbers 1 -4  given by the tetrahedral axes [11 i ] ,  
[1 11], [ l i  ] ] ,  and [1 ] 1], respectively; the corresponding 
negative directions are irrelevant in our context. 

For given values of N and h/h O, the most flexible chain is 
obtained by neglecting excluded volume effects, and assum- 
ing that all accessible conformations are equally probable. 

Using these assumptions, Schmedding and Zachmann ~4 have 
calculated the orientational probabilities of methylene H - H  
directions in order to interpret 1H-n.m.r. in PEH. We have 
adopted their methods for calculating the corresponding 
probabilities w i (i = 1, 2, 3, 4) for the C-D directions in PED. 
Thus, all possible conformations for given N and h are con- 
stmcted, and for each deuteron t~ the fraction of conforma- 
tions having the a C-D bond in direction i is determined: 

W i = W i ( IV ,  h ,  c t )  

As mentioned in the Introduction, and explained more fully 
in the following section, the 2D-n.m.r.  line shape is deter- 
mined uniquely by the set of probabilities w i. 

The number of possible conformations becomes prohibi- 
tively large for N > 13. Thus, we have used a Monte Carlo 
method in order to obtain a random selection of conforma- 
tions for one longer chain, N = 21. Starting from the 1st 
(f'txed) C-atom on the z-axis, a particular conformation is 
obtained by determining consecutively the directions of the 
20 C-C bonds. The direction is determined at random for 
each step. If  a 'backstep' occurs that implies a zero C - C - C  
bond angle, the conformation is omitted. Furthermore, only 
those conformations where the 21st C-a tom is at one of 
the 6 possible all-trans chain axes through the 1st atom are 
maintained. The ensemble of chains constructed by this 
procedure has a Gaussian distribution of end-to-end dis- 
tances from which subensembles for particular h/h 0 values 
are obtained. 

Line shape calculations have been performed also for 
modified model chains that are subject to the following 
assumptions: 

(a) excluded volume: each position of the lattice is 
occupied by only one C-atom. 

(b} intramolecular interaction: according to the rotational 
isomeric state modeP s, the conformations are weighted by 
the Boltzmann factor exp(--Eg/RT) for eachgauche bond 
where Eg ~ 2 kJ mo1-1 and T = 300K. Furthermore, the 
'pentane effect' is accounted for by a weight factor with 
energy values between 7 and 10 kJ tool - !  for each g+g- 
combination in the conformation considered; 

(c) variable bond angles: the bond angles in a real PE 
chain are somewhat different from the tetrahedral angle of 
109.47 °, and the 3 rotation angles around a C-C bond 
(0 °, + 120 °) may fluctuate by as much as +10 ° due to the 
shape of the rotational potential ~6. We have simulated devia- 
tions from the tetrahedral angle as follows. In an ensemble 
o f N  = 21 chains with equal h/h 0 we change the bond- and 
rotation-angles at one end by small random values whereby 
the long rest chains leave the diamond lattice. The same is 
done for each chain with the 2nd bond keeping the 1st bond 
fixed, and so on. Finally, all bond angles are changed, and 
the bond directions at the 'other end' of a chain may deviate 
considerably from one of the tetrahedral axes of the initial 
diamond lattice. Furthermore, the h/ho values will now have 
a distribution around the value of the initial ensemble; 

(d) 3-bond motion and crankshaft rotation: conforma- 
tional changes due to 3-bond motions have been studied 
extensively by Monnerie and collaborators ~2. In Figure 2a, 
the bonds 1, 2, 3 are transferred by a 3-bond motion into 
1', 2', 3' whereby the kink defect at bond 1 moves to 3'. 
In our simulations, we use N = 21 chains with a fixed h/ho 
value. In each step, a random generator determines the posi- 
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Figure2 (a) 3-bond mot ion and (b) crankshaft  rotat ion in the dia- 
mond latt ice 

tion at the chain where a 3-bond motion should occur. If 
the motion is possible, it leads to a new conformation. If it 
is not possible, the old conformation is counted twice. In 
this manner, 10 000 steps are performed on each chain, 
generating an ensemble of conformations with appropriate 
weights. The 2D-n.m.r. spectrum is determined for each 
chain from conformations generated by this procedure. 
Only a relatively small number of conformations is accessible 
through 3-bond motions from a given initial conformation. 
Thus, the 3-bond motion alone is a poor mechanism for 
causing motional narrowing of n.m.r, spectra. Below, we 
shall discuss further the n.m.r, line shapes generated through 
3-bond motions. 

The mechanism of crankshaft rotation permits only 3 
equally probable directions for each C-D bond of the 8 
C-atoms shown in Figure 2b. The resulting 'motional narrow- 
ing' is also discussed below. 

Entangled chains 
In order to simulate chains which have additional 

motional constraints, let us consider an ensemble of 100 
chains wi thN = 51 C-atoms. Each chain is partitioned into 
21 subchains by selecting n = 20 C-atoms at random, each 
becoming the 'fixed end' of 2 subchains. For each subchain, 
the end-to-end distance h is chosen at random from the 
relatively small number of possible h values. The direction 
of the h vector of  each subchain is chosen at random from 
the 12 directions that are possible for all-trans chains in the 
diamond lattice (see above). By this procedure, we obtain 
an ensemble of 100 approximately Gaussian chains with 
N = 5 I, and an average ratio of (h/ho) = 0.19. Due to the 
20 fixed C-atoms (in addition to the fixed end C-atoms), 
the chains are rather rigid since only a small number of con- 
formations is accessible. The resulting rather broad n.m.r. 
spectrum (see below) describes the situation of bulk PE at 
room temperature. In order to obtain a more flexible chain, 
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one of the 'fixed' C-atoms is chosen at random in each chain, 
and the corresponding constraint is removed. Thus, the 
average lengths of the subchains become longer, and more 
conformations become accessible for the N = 51 chains. 
By successive removal of more constraints on the 'fixed' 
C-atoms, one attains the complete flexibility available for a 
chain with fixed ends. The corresponding motionally- 
narrowed line shapes correspond to experimental n.m.r. 
spectra close to the melting point of PE. 

N.M.R. SPECTRA 

Line shapes 
In high magnetic fields, the 2D-n.m.r. spectrum is 

governed by the first order nuclear quadmpole splitting of 
the 2D Larmor frequency. The quadrupole Hamiltonian can 
be written as9: 

~'~Q = ¼e2Qq I'Rz I (1) 

where e2Qq is the quadrupole coupling constant , /=  
(I~, 1 n, I~) is the spin vector of the deuteron in some cartesian 
coordinate system ~, r/, ~'. For a C-D bond fixed in space, R 
is a tensor given by : 

-1  0 O) 
RpAS = 0 - 1  0 (2) 

0 0 2 

in its principal axes system (PAS) where the C - D  bond is 
the unique axis. Above (Figure 1), we have defined a co- 
ordinate system x, y, z that is fixed to the diamond lattice. 
In this system 

( 0q) ( 00) 
R(1) = 0 ; R(2)= 0 x/2  
~ - ~ / ~  ~ ~/Y 1 

~ 0 ) - -  o o ;R(4) - -  - ~ /  0 
0 -1  0 -  

(3) 

for the 4 orientations given in Figure 1. (Due to the sym- 
metry of R the sign of the orientations is irrelevant). 

Any conformational transition of the model chain gives 
rise to exchange of the C-D bond between the 4 possible 
orientations. For the rapid motion limit, the n.m.r, line 
shape is obtained from the time-averaged Hamiltonian: 

~ Q  = ¼ e 2 Qq I" ~ ' I  (4) 

where R of equation (1) is replaced by the average ~ given 
in the x, y, z-system by: 

4 

= ~ wiR(i) 

i=l (_ ,_w2 wg w4 
= (W 3 W4) 

(5) 

x/2(w3 - w4) 0 

0 X/C2(W2 Wl) 

X/~(W 2 -  Wl) Wl +W 2 -  W 3 - W 4 /  
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The weight factors w i were defined in the Introduction; 
they are proportional to the average times spent by the 
C-D bond in the 4 possible tetrahedral directions (see 
Figure 1). Diagonalization of the traceless tensor R yields 
the directions of the principal axes X, Y, Z, the principal 
component i~zz, and the asymmetry parameter ~ = 
(l~yy - RXX)/I~zz. The 2 n.m.r, frequencies that corres- 
pond to the 1 ~ 0 and 0 ~ - 1  transitions of the 2D spin 
I = 1 depend upon Rzz,  ~h and the orientation of the exter- 
nal magnetic field with respect to the system X, Y, Z. In 
order to simulate the line shape of a polycrystalline sample 
(or glass), one has to compute a superposition of the doub- 
lets obtained above with weight factors that correspond to 
the orientational distribution of the X, Y, Z-systems fixed 
to the individual microcrystals. This can readily be per- 
formed using the method discussed by Hentschel et al. 17. In 
the present paper, we consider only isotropic orientational 
distributions where the normalized 'powder' line shape has 
been given by Bloembergen and Rowland 18 as: 

f(60) = f+(60) + f (60) (6) 

f+(60) = rr-1 [(603 -- 602)(60 -- 601)1 -1/2K 

(7) 

for 603 > 60 .I> 602 ; 

f + ( 6 0 )  = r r -  1 [ (6o  3 _ 6 0 ) ( 6 0 2  - -  6o 1) ]  - l[2K 

{arcsin [ (603- c02X60 -"'fl"~} 
L (603 - ~--~-~22 60P] 

(8) 

for 602 ~> 60 > 601; 

]'_(co) = f+(-60) (9) 

K(arcsin x) = F(x,n/2) (10) 

is the complete elliptic integral of the 1st kind 19. w 1,  w2, 
and 603 are proportional to the principal components of 
the averaged tensor ~,. For each particular deuteron of a 
model chain, the n.m.r, line shape has the form given by 
f (w)  = f+(60) +f+(-60)  [see equations (6-10)1.  A typical 
example off+ (60) is shown in Figure 3b. For an axially 
symmetric t~-tensor (r~ = 0), the singularities at w 1 and 602 
coincide, and f(60) becomes the Pake spectrum shown in 
Figure 3a. This line shape is obtained for the mechanism 
of crankshaft rotation (Figure 2). Here w i = 1/3 for 3 
orientations, and 0 for the 4th orientation along the rota- 
tion axis. Thus R. defined in equation (5) is just 1/3 of one 
of the R-tensors'given in equation (3) for rigid C-D bonds, 
and the line shapes become identical except for the reduced 
width by a factor of 1/3 that is due to 'motional narrowing' 
through crankshaft rotation. 

In the other limiting case, r/= 1, the w2-singularity 
becomes the centre of a symmetrical spectrum, f(60) = 
2f+(60) = 2f+(-60), shown in Figure 3c. This shape is 
found for the 3-bond motion (see Figure 2) where each 
C-D bond jumps between two orientations, the other two 
being inaccessible. Thus, 601 = 602 = 1/2, 6o 3 = 6o 4 = 0, and 

averaged tensor t~, given in equation (5_), has only two non- 
vanishing components, RXX = -1  and Rzz = 1, hence r~ = 1. 

If the line shapes for all individual C-D bonds in a chain 
are superimposed, one obtains the calculated 2D--n.m.r. 
spectrum for this particular model. The broadest of the 
superimposed shapes are due to the deuterons at the fixed 
end C-atoms, since they are the least flexible. This is 
opposite to free chains in melts and solutions where the 
end groups are the most flexible. 

The small magnetic dipolar coupling between neigh- 
bouring deuterons can be accounted for by convoluting 
the spectra discussed above with a Gaussian, where the 
width is estimated from the 2nd moment of the 1H-n.m.r. 
spectrum 6. Some further broadening is justified if small 
deviations from the tetrahedral orientations of the diamond 
lattice are taken into consideration. In accordance with 
experiment, the width of the Gaussian is kept below 1% 
of the total width of the spectrum, and thus leads only to 
some smoothing of the singularities. 

Dynamical aspects 
The line shapes discussed above are independent of any 

motional correlation times, since we have assumed the rapid 
motion limit where all possible conformational transitions 
are rapid with respect to the n.m.r, time scale. The follow- 
ing discussion aims to give a quantitative measure of this 
time scale. 

In the rigid limit, the 2D quadrupole coupling constant 
in PED is eZQq/h = 164 kHz 2°. The total width of the 
Pake spectrum (Figure 3a) is 3/2e2Qq/h. A measure of 
the line shape that is more relevant to motional narrowing 
is the 2nd moment: 

a 

F-  ] I ! 

-2 -1 0 2 

to/Q 

I 1 
w I w 2 w O w 3 -1 O 1 

w / a  

Figure 3 (a) Pake spectrum of rigid deuterons in PED. a/27r = 
2 3/8e Qq/h = 61.5 kHz;  (b} example of the line shape f+(to) defined 

in equations (7) and (8). ~ 0  is the Larmor f requency; (c) line shape 
for  r/ = 1; deuterons of  C--D bonds performing two site jumps in the 
diamond lattice 
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Figure 4 Line shape for N = 13 chains. N umbers denote the values 
of h/h O, bars the value of a defined in the legend of Figure 3 

M 2 = f (co - wo)2f(c.o)dco f(co)dco (11) 

0 

where f(co) is defined in equation (6) and co 0 is the Larmor 
frequency. For._spectra obtained from the time averaged 
Hamiltonian ~fft'~Q [see equation (4)], the 2nd moment is: 

9 - 2  
~I 2 = ~ 7r2(e2Qq/h)2R~z (1 - ~-2/3) (12) 

where the bar upon/ l~  2 indicates the time average. (In the 
rigid limit, RZZ = RZZ = 2 and ~ = ~7 = 0). 

In order to understand the increasing motional narrowing 
as the temperature is raised, let us now consider a hierarchy 
of motional processes with correlation times: 

I.(1) ,~ 1 .c(2) ,~ . . .  ,~ 1.(max) (13) 

If we denote by/~ (2 l) the time average ofM 2 due to the 
process with 1.cf! ), the line shape corresponds to the rapid 
motion limit iff: 

~¢(1)~r(1)2 "¢ 1 (14) ( M 2 -  2 J c 

As an example for a process with small r~ l) we may consider 
two site jumps of the C-D bond yielding the ~ = 1 spectrum 
with RZZ = I (see Figure 3c). Here, equation (12) yieldsM 2 
= 1.2 x 1011 s -2 and M2 (1) = 4.0 x 1010 s-2; thus, the 
inequality (14) requires r~ (1) "~ 3.5 x 10 -6 s. 

A slower process with r(~ 2) does not influence the line 
shape calculated from o~t)provided:  

(jl~(~) _ / ~ ( 2 ) ) 1 - ( 2 ) 2  >~'1 (15) 

J For isotropic reorientation, 114 2 = 0 and 1/7"2 = M2r  c is the half- 
width of the narrow Lorentzian line obtained in the rapid motion 
limit where rc/T2 =M2r 2 ~ 1. A possible generalization of this condi- 
tion for anisotropic motion is given by the inequality (14) 
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where the average M~ 2) includes both processes with 1-(1) 
and #c 2). An estimate of r(c 2) is given by the smallest 'homo- 
geneous' half-width 1/T~ that would be found in a single 
crystal. The solid echo technique provides a method for 
estimating T~ in a polycrystalline sample, since the Fourier 
transform of the solid echo is only identical with the absorp- 
tion spectrum if the time r between the two 90 ° pulses of the 
solid echo sequence is smaller than T~ 7'2k By investigating 
solid echo FT-spectra as a function of 1- one can determine 
the order of magnitude of T~ ~ 7~ 2) experimentally, and 
check whether the inequality (15) holds. If(15) breaks 
down, further narrowing occurs, and one may attain the 
rapid motion limit: 

(J~(21)-/kt2(2))1-(c2)2 '~ 1 

By increasing the temperature of the sample, all motions 
become more rapid, and inequalities: 

(jl~(2k- 1) __ ,~t (k)-~ (k)2 ,~ 1; h = 2, 3, 4, (16) 
2 J'c " " ' 

become valid consecutively for all orocesses of the hierarchy 
with the correlation times r~ (l), r~ (2) . . . .  , r(~ max). It should 
be noted that r(ck) can be lar~ger tlaan r(cl) by almost two 
orders of magnitude since the higher averages ~r~k- 1) be- 
come rather small for the narrowed lines as can be inferred 
from Table 1. Finally, we should mention that ~-c (max) can 
be determined separately from the response of the Jeener 3 
pulse sequence l°'n provided 1 "(max) is smaller than the spin 
lattice relaxation time T 1. 

RESULTS AND DISCUSSION 

Chains between fixed ends 
The motional constraints given by the fLxed end C-atoms 

in the diamond lattice are most severe for very short chains. 
No motion is possible for N = 3, and only two site jumps of 
the C-D bond are possible for N = 4 that give rise to the r/= 
1 spectrum shown in Figure 3c. This spectrum is then super- 
imposed upon the Pake spectrum (Figure 3a) for C-D bonds 
with the same orientation in all possible chain conformations. 
For longer chains, the number of accessible conformations in- 
creases rapidly, leading to considerable motional narrowing 
if h/ho is sufficiently small. In Figure 4, the N = 13 spectra 
are shown for all h/h 0 values (see Figure 3a for h/h 0 = 1) 
that are possible if both end C-atoms are fixed to the z-axis 
defined in Figure 1. We have omitted the broader line shape 
contributions of the deuterons at the fixed ends since they 
become less important for larger N-values whereas the line 
shapes shown in Figure 4 are typical for all N ~> 11 in that 
the half-widths (and the 2nd moments, see Table 1) have 
approximately the same dependence upon the parameter 

Table I Comparison of the 2nd moment rat ios/~2/M2 for t H-- 
and2D--n.m.r,  line shapes, N =  13. M 2 (2D)=  1.19 x 1011s -2, 
M2(tH) = 1.74 x 101o s - 2  

/142/M2 
h/h 0 /~2/M2 (1 H) (2D) 

1/6 0.0005 0.0003 
1/3 0.0040 0.0018 
1/2 0.0220 0.0097 
213 0.1132 0.0624 
5/6 0.4182 0.3271 
1 1.0000 1.0000 
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O'2 0"4 0!6 O'8 1() 
Nh o 

Figure 5 Half-width at half-height ~u t /2  of the 2D-n.m.r. spectra 
calculated for chains with fixed ends, and N/> 1 1, A, no excluded 
volume (squares are for N = 9 chains); S, excluded volume of C-atoms; 
C, intramolecular interaction (see text) 

h/h 0 (see Figure 5). This has been confirmed by our Monte 
Carlo calculations for N = 21 where some further narrowing 
is only obtained for h/h 0 < 0.2. 

The second moment of the 2D-  and 1H-n.m.r. line shapes 
in PED and PEH, respectively, have been calculated for N = 
13 chains as a function ofh/h O. We conclude from the results 
given in Table i that the tetrahedral jumps of C - D  bonds 
provide a more effective line narrowing mechanism than the 
corresponding jumps of methylene group H - H  vectors 
between the six orientations possible in the diamond lattice. 

The excluded volume effect where two carbons cannot 
occupy the same site in the diamond lattice is shown in Figure 
5 fo rN = 13 chains. There is no excluded volume for 
h/h 0 >t 0.5 since these rather extended chains cannot fold 
back upon themselves. However, some broadening occurs 
for h/h 0 < 0.5. F o r N  = 21, the excluded volume effect on 
the line shape is negligible since there is always a sufficient 
number of conformations available for motional narrowing. 

The influence of intramolecular interaction (conforma- 
tional energies) is shown also in Figure 5 f o r N =  13 chains. 
The additional broadening originates almost completely 
from exclusion ofg+g - combinations by the weight factor 
exp(-Eg+g-/RT) where Eg+g- ~> 7 kJ mo1-1. This may 
be regarded as another 'excluded volume effect' since it 
prohibits conformations where two deuterons would occupy 
the same site in the diamond lattice. 

Variable bond angles have been simulated as described 
above. Starting from an ensemble o f N  = 21 chains with 
equal h/ho, this procedure results in a distribution of h/h O- 
values similar to those discussed by Cook and Moon 16. Thus, 
the average (h/ho) is smaller than the initial h/ho for more 
extended chains, and it is increased compared with the 
initial h/ho if the latter is small. The influence of bond angle 
variation on the shape of the n.m.r, spectrum is small. There- 

fore, the spectrum calculated for some (h/h O) value corres- 
ponds to the spectrum calculated in the undistorted diamond 
lattice for an effective h/h 0 = (h/ho). 

The effect of 3-bond motions on the n.m.r, spectrum is 
shown in Figure 6 for N = 21 and h/h 0 = 0.20. We have also 
calculated the spectrum for h/ho = 0.60, and have found it 
almost identical with Figure 6. This triangular line shape is 
typical for jumps of C-D bonds between only two sites 
though the spectrum is narrower than the r/= I spectrum 
shown in Figure 3c for 3-bond motion in an N = 4 chain. 
Thus, kink diffusion along the chain seems to be restricted 
to rather short chain segments irrespective of the h/ho-value. 
Since the n.m.r, line widths found experimentally 6'21 in the 
amorphous regions of PE close to the melting point are 
narrower by a factor of 50 than the width of Figure 6, there 
must be other motions that cause the further line narrowing. 
At first sight, this seems to be at variance with publications 
of G6ny and Monnerie ~2 where only 3-bond motions are 
assumed in PE. However, 3-bond motion is a very rapid 
process with typical correlation times around 10-11 s .  

Other motions discussed above in terms of a hierarchy of 
correlation times r(c2), rc~3) . . . .  may be effective line narrow- 
ing processes although they are highly improbable in com- 
parison with 3-bond motion, and have correlation times 
longer by perhaps four orders of magnitude. 

Entangled chains 
The 2D-n.m.r.  spectra calculated for our model of en- 

tangled chains are shown in Figure 7. It is clear that the 
most constrained chains (n = 20) almost have the rigid limit 
'Pake spectrum' (Figure 3a) since most of the C-D bonds 
are fixed. For n = 16, the fraction of very short chains is 
still predominant. This results in a line shape that is a super- 
position of the rigid limit spectrum and the r/= 1 spectrum 
(Figure 3c) for 2 site jumps of the C-D bonds. With further 
decreasing n, one obtains superpositions of spectra for sub- 
chains with increasing N. For subchains having N > 13, we 
have assumed the correspondingN = 13 spectra since the line 
widths and shapes are approximately the same for all spectra 
with equal h/h 0 i fN/>  11 (see Figure 5). Furthermore, we 
have neglected the effects of excluded volume and the con- 
formational energies discussed above. Nevertheless, 
motional narrowing of the calculated spectra with decreas- 
ing n reflects real motional narrowing in PED between room 
temperature and the melting point 6'2~. In particular, the line 

Figure6 Lineshapefor3-b0ndmotioninN = 21 chains, h/h 0 =0.2 
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Figure 7 Line shapes for entangled N = 51 chains, n is the number 
of fixed entanglement points 

widths for small n have the same order of  magnitude as the 
line width in PED above 100°C. The most  significant dif- 
ference is found in the relative intensity of the mobile frac- 
t ion of  the n.m.r, spectra. In real PED, this intensity de- 
pends little upon temperature and corresponds essentially 

to all deuterons in the amorphous regions 6. On the other 
hand, the calculated line shapes have a substantial 'r igid'  
port ion down to small n values where the central part  of  
the spectrum becomes narrow. This must be considered as 
an artefact of  the diamond lattice where the probabil i ty  
that a C - D  bond has the same orientation through all 
accessible conformations is exaggerated. 

Dynamics o f  chain motion has been considered above 
in terms of  a hierarchy of  motional  processes with correla- 
tion times r ( l )  7 -(2) r(ck) , , r(cmaX) subject to in- 

C ' C ' "  " ' ~  " ' "  

equality (13). We have seen that even moderate line 
narrowing (found in PED at room temperature) requires a 
rather short correlation time 7(1) < l0 -6 s in order to ful- 
fil inequality (14). This is in agreement with measurements 
of the spin lattice relaxation time T 1 of 2D in PED yield- 
ing correlation times not longer than 10 -7 s. 

On the other hand, r(c2) must be at least of the order of 
10 -4 s since the solid echo Fourier Transform spectra re- 
main undistorted for pulse distances ~- ~< 10 4 s between 
the two 90 ° pulses of the solid echo pulse sequence 21. 
Thus, inequality (15) can be fulfilled; this supports our 
conception of rapid motion of short chain pieces between 
points that are 'fLxed' as we have seen, for ~> 10 4 s. At 
higher temperatures, motion of the entanglements becomes 
faster, and further line narrowing is observed. However, 
there may remain 'slow' entanglements with correlation 
times 7 (k)/> above 100°C since the preaveragcd spectra 
can be averaged further by additional processes with cor- 
relation times ~'(c k) that are much larger than ~-(1) [see dis- 
cussion below inequality (16)]. Since the Jeener 3-pulse 
sequence produces spin alignment for a time distance up 
to 50 ms at temperatures close to the melting point of 
PED, the largest correlation time T(cmaX) must be at least of 
this order 11. This is understood by noting that the chains 

are fixed at the crystal surfaces in the partially crystalline 
PED since we find no spin alignment above the melting 
point. 

The description of  chain mot ion by essentially two time 
scales agrees with other models. In the reptation model 2233, 
one assumes curvilinear diffusion of  the chain within a 
' tube '  formed by the surrounding chains. This wormlike 
' reptat ion '  is caused by Brownian mot ion of  chain length 
defects that will also give rise to transitions of  the C - D  
bonds resulting in some narrowing of  the 2D-n.m.r. spec- 
trum similar to the narrowing by two site jumps (Figure 
3c) or 3-bond mot ion (Figure 6). The motion of a flexible 
tube 23 will also reorient the C - D  bonds of  the embodied 
chain, and lead to further narrowing of  the spectrum. 
Since the tube constraints correspond to the chain entangle- 
ments considered above, the physical reason for line narrow- 
ing is the same in both models. Reptation within a rigid 
tube 22 cannot explain the narrow lines found experimentally 
in PED above 100°C, since sufficient reorientation can 
then be achieved only by translational diffusion of  the 
C - D  bonds along the chain over a distance of  the order of 
the correlation length of  the tube (~1 nm in polymer 
melts24'2s). Since the chain ends are fixed at the crystal 
surface boundaries of  the amorphous regions in solid PE, 
it is difficult to imagine the motion of a particular CD 2 
group along this distance. 
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