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ABSTRACT: The loss of orientation memory for a vector linked to a polymer chain is expected to  present a fast 
initial decay corresponding to fast local jumps with a long tail corresponding to diffusive cooperative motions. An 
analysis of the nuclear relaxation times T I  and 2’2 in solvents of high viscosity where the extreme narrowing condi- 
tion is not fulfilled may help to separate fast and slow processes. Such an analysis is carried out for poly(oxymethy- 
lene) in hexafluoro-2-propanol. The results seem to indicate that both slow and fast processes are linearly depen- 
dent on the viscosity, a result of importance for the concept of internal viscosity. 

The low-frequency, long-wavelength modes of a polymer 
chain are adequately described by models derived from the 
Gaussian subchain model of R0use.l Since in these models 
the exchange between different subchain conformations 
corresponding to a given end-to-end vector is supposed to 
be infinitely rapid, they completely neglect the high-fre- 
quency part of the spectrum. Dissipative processes related 
to the motion inside of a subchain can, however, be taken 
into account by the introduction of a phenomenological 
“internal viscosity” parameter.2 New approaches in the de- 
scription of polymer dynamics, starting from elementary 
local motions, have followed the initial work of Verdier and 
Stockmayer on a cubic l a t t i ~ e . ~ - ~  They all give the Rouse 
spectrum in the low-frequency limit, a consequence of the 
diffusive nature of the fluctuations,6 but the high-frequen- 
cy part is very dependent upon the special features of the 
model. The viscosity dependence of the probability of an 
elementary jump is of particular interest7 in connection 
with the corresponding dependence of the internal viscosi- 
ty. 

Experimental techniques specially adapted to the study 
of fast movements, such as the dielectric dispersion of 
chains with a transverse component of the electric mo- 
ment,* fluorescence polar i~a t ion ,~  line-shape analysis of the 
paramagnetic resonance of spin labels,1° and nuclear mag- 
netic resonance,ll have been used with polymer chains. 
The response of the chain, in the time or frequency do- 
main, is in all cases related to one autocorrelation function 
for the rotatory motion of a well defined local molecular 
unit. But in most cases experiments cover only a limited 
range of time and frequency and the results can be inter- 
preted assuming a single exponential decay of the autocor- 
relation function, all fast movements compared to the 
range of time under study being represented by an instan- 
taneous decay of the autocorrelation function from 1 to a 
smaller value. This is particularly evident for the polariza- 
tion of fluorescence where it comes to assume a smaller 
fundamental polarization. But then the variation of the 
calculated correlation time with temperature and viscosity 
will incorporate the approximations made in the choice of 
the autocorrelation function.12 

For a model chain in which elementary jumps are sup- 
posed to be the exchange of orientation of bonds i - 1 and 
i + 1 on a tetrahedral lattice, the complete autocorrelation 
function has been calculated l3 and found identical with 
that calculated by Hunt and Powles14 for the one-dimen- 
sional diffusion of a defect, with a fast initial decay and a 
long t -lI2 tail. One can expect this to be a quite general be- 
havior in polymer chains, most of the orientation memory 
being lost in the first local motions, while a complete loss 
requires long cooperative motions of the chain. These are 
required since energetically highly unfavorable conforma- 
tions, like g+g-, generally limit the diffusion by the three 
bonds mechanism. The relative independence of fast and 
slow processes finds supports in the calculations of Hel- 
fand,15 who consider the motion of a few segments with 
Rouse chains a t  the extremities. 

As part of an effort to characterize from an experimental 
point of view these slow and fast processes we present in 
this work an nmr relaxation study on simple polymers in 
solution, where special attention has been paid to the infor- 
mation which can be derived from differences between TI 
and TZ that is, when the extreme narrowing limit is not 
completely reached, from the use of measurements on sev- 
eral nuclei (IH, 2H, and 13C), and from the viscosity depen- 
dence of the relaxation times. 

I. Nmr Relaxation Times and Autocorrelation 
Functions 

In the case under study, the nmr relaxation times are 
governed by the rotation through the autocorrelation func- 
tion of the second spherical harmonic &(t )  = (3 cos2 O(t) 
- 1)/2 where O ( t )  is the angle of a vector linked to the poly- 
mer segment a t  time t with its original direction at  time 0. 
This vector will be the vector joining two protons, or one 
proton to the C atom in the case of the dipolar relaxation of 
the proton and 13C of a CHz group, or the axis of the elec- 
tric field gradient in the case of the quadrupolar relaxation 
of D. 

The expressions for the spin-lattice T1 and spin-spin Tz 
relaxation times are given in the three cases by16 (a) dipolar 
relaxation of two l ,  identical spins 
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(b) dipolar relaxation of two % unlike spins under satura- 
tion of S 

(c) quadripolar relaxation of one spin 1 nucleus 

where y is the gyromagnetic ratio, r is the distance between 
the nuclei, J ( w )  is the reduced spectral density, Fourier 
transform of P2 ( t ) ,  w~ and ws are the Larmor frequencies, 
( e 2 q Q )  is the quadrupolar coupling constant, and 7 is the 
asymetry parameter. 

For an exponential autocorrelation function J (0) = 27/( 1 + In the case of a more complicated autocorrelation 
function one must be aware of the fact that the measure- 
ments of T1 and T2 should extend over an extremely large 
range of w and/or T. If one uses a spectrum of correlation 
time, that is represents the autocorrelation function on an 
exponential basis, with T values between Tmin and T,,,, this 
range should extend from UT,= << 1 up to w.r,in >> 1. This 
can be made for nonselective relaxation studies in solids 
where in addition to T1 and Tz, relaxation times in the ro- 
tatory frame T 1 are equivalent to low-frequency measure- 
ments with the sensitivity of the high freq~encies. '~ But 
then one gets generally an average of the different chemi- 
cally nonequivalent nuclei of a given type. Selective relaxa- 
tion measurements, as needed when studying a solution in 
solvents containing the same nuclei, are limited to the 
neighborhood of the extreme narrowing condition W T  << 1, 
and the information is restricted to a small frequency or 7 

values excursion below w7 = 1. In this region T2 begins to 
be smaller than T1 while remaining sufficiently large so 
that the different signals do not overlap. This is equivalent 
to a study of a restricted part of the autocorrelation func- 
tion in the time domain and it is therefore evident that it 
will be possible to represent it by a series of discrete corre- 
lation times or by an analytical spectrum defined by t.wo 
parameters. The simplest molecular model of motion lead- 
ing to a sum of exponentials is an anjsotropic movement, 
such as that of a symmetrical ellipsoid with two rotatory 
diffusion constants R 1 and RP. 

In this casela 

(7 1 
where 7 A - l  = 6R2, A = %(3 cos2 cy - 1P, T B - ~  = R1 + 5R2, 
B = 3 cos2 a(1 - cos2 a), T C - ~  = 4R1 + 2R2, C = 3 ((cos2 a 
- 1)/2)2, and cy is the angle of the vector of interest with the 
symmetry axis of the ellipsoid. Since we do not expect that 
our results could be sufficiently accurate to describe the 
autocorrelation function by more than three exponentials 

in a restricted time domain, this model will cover, by an ap- 
propriate choice of cos2 cy and of u = R 1/R 2, nearly all pos- 
sible cases. We have therefore used it in the interpretation 
of our experimental results. This in no way means that we 
really believe that the motion of an element in a chain is 
that of an ellipsoid but it is a good representation for our 
mixture of fast processes which do not completely average 
out the dipolar interaction and slower processes necessary 
for a complete loss of the orientation memory. 

I t  will be possible afterwards in the time domain to com- 
pare the sum of exponentials to the autocorrelation func- 
tions obtained with more sophisticated models, which hap- 
pen to be much less tractable. In particular, the defect dif- 
fusion model of Hunt and Powles14 has 

so that it cannot be used for the comparison of T1 and Tz 
without introducing some arbitrary faster decrease of P2 ( t )  
at long times to get a finite J (0 ) .  

Some supplementary information can be obtained even- 
tually with 13C nmr from the nuclear Overhauser enhance- 
ment (NOE). This is given under conditions of complete 
decoupling and assuming that the dipolar interaction be- 
tween C and H is the only mechanism of 13C relaxation 
bvI9 

with a maximum value of 2.976. 

11. Experimental Section 
Selective relaxation measurements of T1 have been performed 

for the proton by a fast adiabatic passage followed by samplingFO 
with an automated sequence built into a Varian HA-100 high reso- 
lution nmr spectrometer.z1 Measurements can be carried down to 
TI = 0.1 sec. TZ was calculated from line width, taking into ac- 
count the instrumental residual inhomogeneity as measured on 
solvent lines, both measurements being carried out a t  sufficiently 
low radiofrequency fields H 1 to avoid any saturation broadening. 
On the other hand, progressive saturation studies were carried out 
in a deliberately inhomogeneous field so that the maximum of the 
signal is given by 

2' = KHl/(l + y2Hi2T1T2)112 

The product TIT2 has been obtained from the linear plot of ( u l  
H 1 )-z us. H 1 z, A careful calibration of H 1 available a t  the center 
band for the determination of the conditions of fast adiabatic pas- 
sage has been performed by the side-band technique of Freeman20 
and used to measure the water TIT2 in a solution of S04Cu. This 
in turn has been used to measure H 1 a t  the side band as a function 
of the modulation index 6. The absorption signal follows quite sat- 
isfactorily the theoretical relationz0 

where Jo,' J1, Jz are the Bessel functions of respectively zero, first, 
and second kind. Reliability of the different experiments down to 
values of TI - 0.1 sec has been checked using Cu2+ doped water 
samples. 

13C relaxation measurements under complete decoupling and 
NOE measurements have been performed on a Varian XL 100 F T  
instrument. Overhauser enhancement has been calculated 
from the comparison of the signal area under no or complete pro- 
ton decoupling with a rather low precision (f0.3) a t  temperatures 
other than the magnet temperature (-30O). 

Deuterium quadrupolar relaxation times TI, have been mea- 
sured indirectly from the analysis of the J coupled proton signal in 
a CHD unit. The signal is expected to go from a single line for T ,  
<< JHD-' to a triplet with a spacing equal to JHD for T,'>> JHD-~. 



Vol. 8, No. 2, March-April 1975 Nmr Relaxation and the Microbrownian Motion in Polymers 173 

0 

Table I 
Relaxation Times of lH (100 MHz) and  I3C (25.2 MHz) for POM in HFIP  

I I I I T ' C  

Temp, "C 

- 20 - 10 0 10 20 30 45 62 73 

TI,H 0.105 0.125 

T2,H 0.055 0.075 

T 0.068 

0.060 

f 0.005 f 0.005 

* 0.005 * 0.005 

* 0.005 

* 0.005 

L ~ ~ C  

T 2 ,  13c 

0.145 0.21 

0.085 0.15 

0.096 

0.094 

* 0.005 * 0.01 

* 0.005 * 0.01 

* 0.005 

* 0.005 
3 + 0.3 3 * 0.3 

4 

d2 T'C 

- 2 0  -10 0 10 20 30 40 

Figure  1. T I  and Tz for POM in HFIP. 

For J H D T ,  - 1, T ,  has been obtained either from the line width 
6vi /z  (taking into account the residual inhomogeneity line width 
6U01/2) 

6 V t l Z  - 6 V , i / 2  = 6T, JHD2 

or from a complete calculation of the line shape using a program 
written by Kintzinger** where a phenomenological inhomogeneity 
broadening can be introduced. 

Temperature was controlled through the standard Varian nitro- 
gen flow accessory and was measured from the splitting of a glycer- 
ol sample. 

111. Results i n  Polyoxymethylene and  Its 
Monodeuterated Analog 

Polyoxymethylene (0-CHz), is very well suited for the 
nmr relaxation study since all protons are equivalent and 
the distance between geminal protons (1.78 A) is sufficient- 
ly smaller than any other distance between protons belong- 
ing to neighboring units in the helical conformation of low- 
est energy (g+g+g+ . . . or g-g-g- . . . ) as well as in the most 
probable defects (g++g-,g++g+,g--g-), the chain being de- 
scribed in the isomeric rotamer model as a succession of g+ 
or g- helical segments articulated on a trans segment.23 
The polymers studied were one sample of a commercial 
polymer (DELRIN 500 mol wt = 75,000) and one sample of 
lower molecular weight (mol wt = 23,000) provided by Pro- 
fessor Walter Stockmayer. No differences were found be- 
tween these samples. The monodeuterated analog is com- 
mercially available (Merck Sharp Dohme of Canada) allow- 
ing parallel measurements to be carried on H, D, and l3C. 

0.31 0.46 0.72 1.08 1.36 

0.25 0.45 

0.30 

0.30 

3 + 0.3 

* 0.01 * 0.02 * 0.02 * 0.03 f 0.03 

* 0.01 * 0.02 

* 0.02 

* 0.02 

POMD - H F I P  

0 POMO proton linrr~dth 

0 CHCI) *I 8, 8 ,  ' ,5 :*"' k 

Poly(oxymethy1ene) (POM) has, however, two draw- 
backs. (a) There are very few solvents for this polymer and 
none of these are deuterated. Hexafluoro-2-propanol 
(HFIP) has been found the most suitable due to a low tem- 
perature of crystallization and a rather high viscosity. As 
the viscosity of HFIP as a function of temperature was not 
reported, we have measured it together with densities a t  
several temperatures yielding an activation energy for vis- 
cosity of 7.7 kcal/mol. (b) The polymer can undergo a rapid 
depolymerization into formaldehyde above room tempera- 
ture. DELRIN is stabilized by end group methylation but 
care must be exercized when working above room tempera- 
ture. Moreover, we have found that degassing of the solu- 
tion favors the depolymerization. No removal of oxygen has 
therefore been possible but we have determined using pure 
solvent that 0 2  makes a negligible contribution to 2'1 (3.65 
sec without 0 2  against 3.40 sec without degassing). 

All measurements have been performed on solutions be- 
tween l and 396, over which range no variation with the 
concentration has been observed. T1 and T2 observed for 
lH and 13C together with NOE of 13C are reported in Table 
I and Figure 1. 

The signal of the proton in the monodeuterated com- 
pound does not show any splitting a t  the highest tempera- 
ture we have been able to study. The line width represent- 
ed in Figure 2 shows, however, that, while below 2 5 O  the 
line width decreases with temperature, due to the normal 
increase in T2 with the mobility, the line width increases 
again above 25' due to the HD coupling. Taking J H D  = 
(YD/YH)JHH~~~ - 2.2 Hz, TI, has been calculated using the 
two above mentioned metbods leading to the values of 
Table 11. 

Another measurement of TI, could in principle be ob- 
tained from the J coupled 13C signal, .which should be more 
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Table I1 
Quadrupolar Relaxation Time TIq of D in (CHD-O), 

in HFIP  from Proton Line Shape Analysis 

Temp, "C 

Tl 45 62 73 

From line 11 X 19 X lom3 26 X lom3 

From line 14 f 2 X 19 i 3 X 21 * 3 X lom3 
width 

shape 

broadened due to the high J C D  coupling constant. How- 
ever, we have not been able to use this method due to the 
degradation of the polymer a t  elevated temperatures dur- 
ing the long accumulation time necessary for 13C FT spec- 
troscopy of a rather broad line. 

IV. Discussion 

It  is clear, considering the values of TIIT2 above the T I  
minimum in Figure 2, that the proton relaxation cannot be 
satisfactorily described in terms of a simple isotropic mo- 
tion of a CH2 unit. For such a model one calculates T I  min 
= 0.082 sec a t  U T  = 0.616 with T1/T2 = 1.6. As pointed out 
before, the contribution of the dipolar interaction between 
protons of neighboring carbon should not contribute appre- 
ciably to the relaxation process. Indeed the factor llr6, 
which is 307 X lo-* A-6 for the two geminal protons, be- 
comes 16 X lo-* A-6 in the most favored g+g+ conforma- 
tion and even smaller for other local conformations with an 
exception of the g+g- conformation which is for this very 
reason strongly energetically disfavored due to van der 
Waals repulsion. 

Intermolecular dipolar interaction with solvent nuclei 
has also been neglected. We have checked with the more 
soluble polymer poly(oxyethy1ene) in dimethylformamide 
(low viscosity, high T I )  and ethylene glycol (high viscosity, 
low T I )  that the results were unaffected by the use of pro- 
tonated or deuterated solvent; the high T1 values observed 
for the proton of the monodeuterated sample also pre- 
cludes a sizable contribution from polymer solvent dipolar 
interaction. 

Therefore we have used the geminal H-H distance in 
relation 1 and 2 to calculate theoretical curves of T I  min/T1 
as a function of TJT2 using the spectral density in (7) with 
different values of cos a and u. Starting from the value of 
T1 min calculated for the isotropic case (a = 1) the experi- 
mental values have been reported on a network of theoreti- 
cal curves (Figure 3). Several "trial" values of cos a and u 
can then be selected from a first comparison of the experi- 
mental points with the theoretical curves. The value of 
T 1 min is then recalculated and the new set of points is 
compared to the network of curves. A satisfactory agree- 
ment is very rapidly reached for cos a = 0.40 and u = 40. 

Once again we recall that the geometrical significance of 
these numbers should not be taken seriously. They just 
represent a way to use a given sum of three exponentials for 
the autocorrelation function which with these values be- 
come 

P,(t)  = 0.529e't/Tc + 0.403e't/TB + 0 .0676e ' t /T~  

with 7~ = 3 .67~  and 7A = 27rc. 
Inserting these coefficients into relation 7 we have calcu- 

lated from T I  at each temperature the values of ?A, 7B, 
and TC listed in Table I11 together with the value rise that 

Figure 3. A theoretical network of 2'1 us. T1/T2 curves. For 
the anisotropic model: (top) cos a = 0.50, u = (a) 11, (b) 31, (c) 51, 
(d) 71; (middle) cos CY = 0.30, u = (a) 11, (b) 31, (c) 51, (d) 71, (e)91; 
(bottom) cos a = 0.40, u = (a) 11, (b) 31, (c) 41, (d) 51, (e) 71. 0 
corresponds to experimental points with a tentative 2'1 min. cor- 
responds to the iterated experimental results (see text). 

one would calculate assuming an isotropic reorientation. 
We have used the values of T in Table I11 to recalculate 

the values of T I  and T 2  and of the NOE of l3C in the high- 
viscosity range as well as the T I ,  of deuterium in the low- 
viscosity range using a standard quadrupolar coupling con- 
stant of 170 kHz and an asymetry parameter 9 = 0. The re- 
sults are given in Tables IV and v. 

They imply a more isotropic movement for the relaxa- 
tion of 13C and a more anisotropic movement for the relax- 
ation of deuterium. This result is puzzling since the axis of 
the field gradient is supposed to be along the C-H bond. At 
this point no explanation can be offered and direct mea- 
surements of T1 on 2H are needed. 

I t  is, however, interesting to compare the plots of log 1/ 
T1 as a function of 1/T or of log 7 with the corresponding 
plots for T A  (Figures 4 and 5). 

The plots of T1 present a curvature in the low-tempera- 
ture-high-viscosity range. This is due to the fact that in 
this region W A ~ A  > 1 so that the A term in relation 7 starts 
to decrease. The plots of T do not present such a curvature 
(the slight deviation at  high T 1 and low T can be due to the 
influence of oxygen a t  high T 1 ). The log 7-log 9 results are 
compatible with a slope 1 and the energy of activation cal- 
culated from the 1/T plot gives 8 f 3 kcal/mol to be com- 
pared to the value of 7.7 kcal/mol for the viscosity. 

This strongly suggests that all fast and slow correlation 
times have the same proportionality to the solvent viscosi- 
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Table I11 
Correlation Times Calculated from TI in the Anisotropic and  Isotropic Models 

Temp, "C 

- 20 - 10 0 10 20 30 45 62 73 

T , ,  sec 0.105 0.125 0.145 0.210 0.310 0.46 0.72 1.08 1.36 

T ~ ,  sec 14.6 7.7 5.6 3.5 1.7 1 .o 0.55 0.33 0.26 

T ~ ~ ,  sec 4.1 3.3 2.8 2.0 1.20 0.80 0.51 0.35 0.28 
VCP 18 9.7 5.6 3.55 2.15 1.40 0.77 0.40 0.27 

Table IV 
Comparison of the  Experimental and  Calculated Values for I3C 

-- 

T ~ ,  sec 117 58 42 24 12.5 7.3 4,2 2.5 2.0 

sec 4.3 2.15 1.55 0.50 0.46 0.27 0.15 0.093 0.074 

Anisotropic model Isotropic model Experiment 

Temp,"C T, T2 NOE Tl T2 NOE T !  T2 NOE 

- 10 0.053 0.47 2.52 0.073 
0 0.066 0.060 2.47 0.085 

30 0.24 0.24 2.88 0.30 

Table V 
Comparison of the Experimental and  Calculated Values 

for Deuterium Quadrupolar Relaxation Times Tlq 

"C model model Experiment 
Temp, Anisotropic Isotropic 

45 39 x 10-3 45 x 10-3 

73 81 x 10-3 83 x 10-3 
62 64.8 X lom3 66 x 

.5 1 2 5 10 ' I c p  

14 x 10-3 
19 
21 

0-8 

h,. 

 IO-^ 

1 o-'O 

Figure 4. Log 1/T1 (m) and log T (0) as a function of log 7, 

ty. In fact, this was an assumption in our derivation of the 
autocorrelation function from an anisotropic model with u 
constant and the detection of possible deviations would re- 
quire a very careful study of T I  and T2 for several poly- 
mers in solvents of high viscosity. A qualitative preliminary 
result for poly(oxyethy1ene) (PEO) in p-chlorophenol (p- 
CP) as a function of temperature seems, however, in favor 
of this proportionality. A plot of 1/T1 as function of viscos- 
ity is given in Figure 6 together with results obtained by 
Liu24 a t  60 MHz in a series of halogenated paraffins. The 
shape of the curve is very well explained considering the 
decrease of the A term (UTA > 1) while the B and C terms 
continue to increase. Analysis of the difference between T I  
and T2 in the high-viscosity range leads for PEO in p- C P  
to cos a = 0.30 and u = 40. 

Our sum of exponentials with extreme correlation times 

0.070 2.95 0.068 0.060 3 + 0.3 
0.083 2.96 0.096 0.094 3 * 0.3 
0.30 2.97 0.30 0.30 3 + 0.3 

le3, OK-' 
3;O 3;5 T 40 

Figure 5. Log 1/T1 ( W )  and log ~ ( 0 )  as a function of 1/T. 

in a ratio of -30 can be compared with the theoretical au- 
tocorrelation function 8. Figure 7 has been drawn assimi- 
lating 7 to T ~ .  I t  is clearly seen that the experimental auto- 
correlation function decreases slightly more slowly a t  short 
times but much more rapidly at  long times. T~ can be taken 
as characteristic of the local process while 7 A  should be 
compared to the Zimm-Rouse relaxation time T~ for the 
smallest Gaussian chain, that is of mass m corresponding 
to 10 to 20 statistical elements. The relation with the lon- 
gest relaxation time as calculated from the intrinsic viscosi- 
ty 71 = mqs[v0]/2.36kT can only lead, due to excluded vol- 
ume and hydrodynamic interaction problems, to an order 
of magnitude of qs, which is higher than our 7 A  

values. 
The analysis of the chain mobility in terms of fast and 

slow processes shows that one must be very cautions when 
analyzing nmr relaxation results at  a single temperature 
and viscosity. 

Allerhand and Hailstonez5 have recently claimed that 
the identity of the 13C relaxation times of the phenyl and 
backbone CH carbons of polystyrene in tetrachloroethy- 
lene a t  44' implies that the phenyl ring has no fast move- 
ments around its bond to the main chain, whereas free 
rotation would indeed give rise in this case to a much larger 
2'1. For phenyl protons, it is difficult to exclude fast oscil- 
lations from measurements in the extreme narrowing re- 
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Figure 6. 1/T1 as a function of solvent viscosity for PEO in p-CP 
a t  several temperatures (0) and in halogenated paraffins (A re- 
sults of LiuZ4 a t  50 MHz). 

Figure 7. Experimental (-) and theoretical (- - -) (relation 8) au- 
tocorrelation function. 

gion. Approximately equal values for ZAj (relation 7 )  
may not reflect large differences in the initial part of the 
autocorrelation, which may become more apparent if one 
works in conditions where the extreme narrowing condition 
is not fulfilled. 

Schaefer26 has fitted the 13C values of T I ,  Tz,  and NOE 
a t  one high temperature for polystyrene in 0- dichloroben- 

zene, solid polybutadiene, and polyisoprene (all outside of 
the extreme narrowing region) with a log - ~ 2  distribution 
of correlation times. Smaller average T are associated with 
broader distributions. While the author correctly points 
out that this might be due to the relative role of fast local 
and slow cooperative processes, a study of the distribution 
as a function of the viscosity and temperature could enable 
one to separate clearly the role of the two processes in a 
way similar to that used in this work. 

Undoubtly, a comparison between the flexibilities of dif- 
ferent polymers requires a clear separation of both types of 
processes. A clear understanding of the motion of a single 
chain is needed to appreciate the role of constraints, like 
physical entanglements, in the dynamics of solid poly- 
m e r ~ . ~ ~  
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