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In  recent years substantial progress has been made in 
the understanding of the structures and dynamics of 
high polymers. Crystal structures and chemical com- 
position are well known for most common polymers. l j 2  

The fringed micelle model for crystalline-amorphous 
organization has been supplemented by the discovery 
and elucidation of chain folding and the relationship of 
chain-folded lamellae to spherulitic  structure^.^*^ Re- 
laxation phenomena have been related to  molecular 
motions, and qualitative and semiquantitative inter- 
pretations of diverse relaxation experiments show grati- 
fying c o n ~ i s t e n c y . ~ ~ ~  I n  this paper I give a summary of 
the contributions of nuclear magnetic relaxation to 
polymer science. Work on solid polymers will be em- 
phasized. The plan of the paper is to concentrate on 
the interpretation of nmr parameters and molecular in- 
formation derivable therefrom. Experimental methods 
and physical theory will not be treated. 

Despite the fact that  chemists are often quite sophis- 
ticated in the use of high-resolution nrnr techniques, 
there seems to be only a limited appreciation of the 
physical basis and usefulness of nmr relaxation met4hods. 
For this reason I  ill give a qualitative discussion of 
nmr relaxation. In  addition, nrnr relaxation differs 
from the more familiar dielectric relaxation in ways that 
are commonly not understood. Consequently, I will 
describe both experiments in an effort to clarify the re- 
lationships between the methods. 

Dielectric relaxation can be described in the following 
way. An electric field is applied suddenly to a dielec- 
tric material. The dielectric relaxation experiment is 
concerned with the time dependence of the buildup of 
polarization along the field. This macroscopic polar- 
ization is conceived as the partial orientation of per- 
manent molecular dipoles. As the molecular dipole 
moments are rigidly coupled to  the orientation of the 
molecules (or molecular groups) , the time associated 
with the growth of the macroscopic polarization is about 
the same as the average time required for reorientation 
of an individual molecule (or group). The latter quan- 
tity is called the correlation time, T ~ .  Thus, dielectric 
relaxation provides an intuitive and direct way of mea- 
suring molecular rotational freedom. Note that the 

(1) C. W. Bunn, “Chemical Crystallography,” Clarendon Press, 
Oxford, 1946. 

(2) P. H. Geil, “Polymer Single Crystals,” Intersoience. New York. - .  
N. Y . ,  1963. 

(3) A .  Keller. Phus. Todav. 22 (5 ) .  42 (1970) 
(4) J. D. Hoffman, G. Willianis,‘and 6 .  Passaglia, J .  Polym. Sci., 

(5) D. W. McCdl, Nat. Bur. Stand. ( U .  S.), Spec. Publ., No. 310 
Part C ,  14, 173 (1966). 

475 (1969). 

electric field does not make the rotation occur. The 
field only biases the average orientation so that a mea- 
surable polarization is created. Note also that  there is 
no resonant character to the effect. R‘Iolecular reorien- 
tation occurs through random motions (jumps or grad- 
ual diffusion), with no accompanying molecular pre- 
cession. 

Nmr spin-lattice relaxation can be measured as 
follows. A magnetic field is applied suddenly to a 
specimen, and the time dependence of the magnetiza- 
tion (ie., magnetic polarization) along the field is stud- 
ied. The functionality of the time dependence is usu- 
ally exponential, and the time constant is called the 
spin-lattice relaxation time, Tl. Rlacroscopically the 
spin-lattice relaxation experiment is analogous to  the 
dielectric relaxation experiment. On a molecular level, 
however, the effects are significantly different. The 
nuclear magnetization is the sum over all the individual 
nuclear magnetic moments. The orientations of these 
nuclear magnets (for nuclei of interest here, i.~., spin 
‘/2) are only very loosely coupled to the molecular 
positions or orientations. Consequently, Tl  is usually 
a much longer time than the molecular correlation time, 
T ~ .  Even when the molecular framework is engaged in 
the vigorous thermal motion of a liquid, the nuclear 
gyroscopes ride along maintaining the orientation of 
their precessional axes along the direction of the labora- 
tory magnetic field. 

The nuclear magnetieation is small and most easily 
detected by resonance methods. Although each nu- 
cleus precesses about the field direction, the directioris of 
the components of magnetic moment perpendicular to 
the field are distributed uniformly so that  there is zero 
macroscopic normal moment. The macroscopic mo- 
ment parallel to  the magnetic field exists hecnusc there 
are more nuclei in one spin quantum state than the 
other (ie., +1/2 os. In  an nrnr experiment a 
magnetic field is applied, perpendicular to the large 
polarizing field, that rotates a t  the same frequency as 
the nuclear precession. This rotating field tends to 
tip the macroscopic magnetization, thereby creating a 
macroscopic precessing magnetization that is relatively 
easy to detect. By adjusting pulse duration and in- 
tensity, the nuclear magnetization can be tipped by 
any desired angle. A 90” pulse rotates the magnetiza- 
tion by go”, and so on. 

Another way of measuring T I  is show1 in E’igure 1 .  
A short pulse of resonant energy, indicated by the ro- 
tating magnetic field H I ,  turns the magnetization, JI, 
over ( L e . ,  a 180” pulse). Subsequently, the magnetixa- 
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Figure 1. This sequence of diagrams illustrates relaxation of 
the component of nuclear magnetization parallel to the magnet,ic 
field direction. A pulse of resonant energy ( 2 )  turns the mag- 
netization by 180'. The magne1,ixation then returiia to equil- 
ibrium as indicated. I>uring the return to equilibrium, the mag- 
netization can be sampled by applying a 90" pulse and observing 
the intensity of the resulting induction. 

tion must return to its equilibrium state along the field 
direction. By sampling the magnitude of d/ as a func- 
tion of time, the time constant TI can be determined. 
This sampling can be accomplished by applying a 90" 
pulse and observing the intensity of the resultant in- 
duction. 

The return of the nuclear magnetization to  equilib- 
rium after a 90" pulse occurs in two stages (Pigure 2 ) .  
The transverse part decays to zero n ith a time constant 
called the spin-&pin relaxation time, TZ. This decay 
occurs because the spins do not precess a t  exactly the 
same rate and tend to get out of phase. This can be 
thought of in terms of a variation in magnetic field, and 
consequently in precession frequency, from one nu- 
cleus to another. If the field varies greatly across the 
specimen, the precession rates differ greatly and the 
nuclear moments get out of phase quickly. Thus, a 
broad resonance corresponds to a short Tz .  It is gener- 
ally true that the resonance nidth,  6H, is roughly 
equal to l / yT2 .  y is the gyromagnetic ratio, a con- 
stant for a given nucleus. As discussed above, the 
longitudinal component of magnetization grows to its 
equilibrium value with the time constant T I .  

The third nmr relaxation experiment is carried out in 
the rotating frame, L e . ,  in a coordinate system rotating 
about the magnetic field direction. The magnetization 

L I 

Figure 2. This sequence of diagrams illustrates relaxation follow- 
ing a 90" pulse. As the i2duction signal is proportional to  the 
transverse component of M, the induction decay gives a direct 
measure of Tz. In  solids TI >> 2 '2 .  

is rotated through 90" by means of the resonant field 
HI (Figure 3). A 90" phase shift is applied suddenly, 
leaving Hl parallel with the magnetization. I n  this 
experiment H1 remains "on" and 2 is allowed to 
approach equilibrium in the presence of the I?, and gl. 
n? is sampled at various times. The time constant for 
this relaxation is labeled TI,. Sampling is achieved by 
simply shutting off H1 suddenly and observing the in- 
tensity of the induction decay that follons. We note 
that this is a relaxation of a transverse component, 
i.e., normal to go, but it is longitudinal in the rotating 
frame, ie., along 17~. 

T1 involves changes in the energy of the spin system, 
-&.go. nlolecular motions induce these changes 
most efficiently M here the correlation frequencies for 
molecular motion are comparable with the resonance 
frequency. Thus, nhen V ,  E vo, TI exhibits a mini- 
mum, V ,  = 1/(2mC). The resonance frequency, vo, 
is typically lo7 to lo* Hz. T2 processes involve only 
the decay of the transverse component of the magnetixa- 
tion, and there is no energy associated 'i~itli this com- 
ponent. Therefore, this is purely an entropy relaxa- 
tion. In polymer solids it turns out that  TZ is a mea- 
sure of spread in the local magnetic field averaged over 
a time of the order of Tz.  T z  in a typical polymer 
ranges from about 10-5 sec at the lowest temperatures 
to sea in a rubbery region. A change in 1'2 is ob- 
served n-hm V ,  is of the order of lo5 Hz. TI, processes 
involve an energy - ifi .I?, and TI, shon s minima M hen 
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Figure 3. This sequence of diagrams illustrates relaxation in 
the rotating frame. By application of a 90’ pulse followed by a 
90’ phase shift, the nuclear magnetization is made to lie along 
the resonant magnetic field, H I .  M then decays in the presence 
of H I  and Ho. 

motions occur near the resonant frequency in field HI,  
ie., when vC - yH1/2n. vc values of lo4 to lo6 Hz are 
accessible by this method. Although it is not obvious 
from this discussion, TIP in certain cases can be em- 
ployed to measure vo in the range 10 to lo3 Hz.’O Sche- 
matic temperature dependences of T z  and resonance 
width, 6H, are shown in Figure 4. Schematic tem- 
perature dependences of T I ,  T P ,  and TIP are shown in 
Figure 5 .  

Nmr Theory and Interpretation 
The theory for nmr relaxation is in an advanced stage 

of Internuclear dipolar interactions 
predominate. The analysis is somewhat complex and 
will not be repeated here. We will only discuss briefly 
some of the physical ideas underlying the theory and 
note some theoretical results that are useful in dis- 
cussing nmr relaxation in polymers. 

When T I  >> Tz,  as is the case in all solid and rub- 
bery polymers, the resonance width, 6H - l / y T z ,  can 
be thought of as the average deviation of magnetic field 
(from Ho) a t  a typical nucleus. This local field has its 
origin in the magnetic dipoles of the neighboring nuclei, 
and it can be shown that eq 1 obtains for spin nu- 

clei. f k 0  = (3  cos2 Ok - 1 ) / y k 3  where G is the radius 
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Figure 4. 
schematic. 

Temperature dependence of 2’2 and resonance width, 

Figure 5.  Temperature dependence of T I ,  Tn, and TI,, sche- 
matic. 

vector from the typical nucleus to nuclear neighbor k 
and Ok is the angle between ?? and the laboratory mag- 
netic field direction. When molecular motion occurs, 
Or and r k  become time dependent and a time-averaged 
fko must be employed. These motions become apparent 
when the correlation time for the molecular motions 
becomes comparable with Tz. In  this region T2 will 
be temperature dependent and the theoretical situa- 
tion is difficult. When the motions are much faster or 
much slower than Ts,  predictions of T z  through eq 1 
have been highly successful, leading to structural in- 
formation and conclusions concerning mechanisms for 
molecular motion. The lattice sum in eq 1 converges 
rapidly and lends itself readily to machine computa- 
tion. Molecular motions can be approximated closely 
by a succession of discrete structural adjustments. 

Considering only the angular factor 3 cos2 Ox - 1 ,  
it is clear that fk0 averages to zero when a11 angles be- 
come available to the internuclear vectors, i.e., cos2 ea 
= I/a,  Thus T z  for liquids will become very large 
as the local field averages to zero. A specific motion 
such as single axis rotation may change T2 by about a 
factor of two. Vibrational motions are hardly notice- 
able. 

For two interacting nuclei the time-average local 
field can be written as eq 2, where cc is the magnetic 

Hioc (dr8) ( l /Tz)S ,T’(3  cos2 O ( t )  - 1 )  dt ( 2 )  

moment and the time dependence of the nuclear sepa- 
ration has been ignored. If O ( t )  varies over its range 
of values rapidly (compared with T2) ,  then the time 
average can be replaced by a space average (eq 3 ) ,  

_- 
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Hloc !Z (p/r3)JOT(3 cos2 8 -l)f(8) sin 8 d8 (3) 

where f(8) is a function that contains any restrictions 
on the motion. For example, if f(8) is constant, we 
have unrestricted motion and Hloc = 0, TZ --.L 03. 

Consider now the following modelg of a slight mo- 
tional restriction in order to get a feel for the sensitivity 
of Tz .  Suppose f(8) is constant for 8 > 80 but zero for 
8 < 8 0 .  That is, the internuclear vector samples all 
directions e > 80 with equal probability in a time short 
compared nith T2  but is totally excluded from the 
small cone defined by 8 = 80. It follows that 

Hloc e ( p / r 3 )  sin2 80 (4) 

where the averaging is extensive, i.e., when T2 lies 
well above its low-temperature limit, T ~ L T .  Thus, keep- 
ing in mind Tz - l/7HlOc 

sin2 80 % T ~ L T / T ~  ( 5 )  

For T 2 ~ ~ / T 2  - commonly observed a few degrees 
above T,, 8 0  - 5", a very small cone indeed. Note 
that  this estimate has been made in such a way as to 
ove,-estimate 80 so the restrictions on motion can be 
expected to  be less severe than our estimate. 

The foregoing model calculation indicates almost no 
restriction on the internuclear direction. A more 
satisfying model would be based on the assumption 
that all directions are accessible but motion is not 
arbitrarily fast compared with T2. In  this case the 
time average, eq 2,  would not be replaced by the space 
average, eq 3. Unfortunately we do not have a simple 
calculation for this situation. 

T1 is governed by the fluctuations in the local field 
that occur near the resonance frequency. Tl passes 
through a minimum at temperatures for which v, - YO) 
and the minimum value of T I  can be shown to be given 
by eq 6. (If T2 changes by onl~7 a small amount a t  the 

corresponding relaxation, eq 6 and 7 must be modified. 
In  this case ( 1 / T 2 ~ ~ ) 2  would be replaced by ( ~ / T ~ L T ) ~  
- ( ~ / T ~ H T ) ' ,  where T ~ L T  and T~HT are the plateau 
values on the low- and high-temperature sides of the 
relaxation in question.) Similarly, TI, is governed 
by fluctuations in the local field that occur near the 
rotating frame resonance frequency, 7H1/27r. The 
magnitude of TI, at the minimum can be shown to be 
given by 

(TI,,), in = 47H1( TZLT) (7) 

At temperatures sufficiently low that v c  << 1/Tz it has 
been shown1° that v, E 1/(2nT1,) when HI - 6H and 
no interfering relaxation processes are present. This 
is called the Slichter-Ailion region.'O 

According to ey 6 and 7, (Tl)min and (T1,)min are 

estimated to be of the order of and lo-* see, 
respectively, but experimental values for polymers are 
usually substantially higher. This can be interpreted 
in terms of a relaxation in which only a part of the 
specimen engages in motion but relaxes the entire spin 
system through spin diffusion. For example, a t  low 
temperatures the methyl protons in normal paraffins 
relax the stationary methylene protons and (Tl)min 
and (T1,)rnin are higher the longer the chain." 
Similarly, in branched polyethylene methyl rotation 
provides the nmr relaxation at  low temperatures. A 
second interpretation of the discrepancy between the 
computed and measured relaxation time minima in- 
volves the distribution of molecular correlation fre- 
quencies v,. Equations 6 and 7 were derived on the 
assumption of a narrow relaxation time distribution. 
Whereas this is often a good approximation in low 
molecular weight substances, i t  is known that polymers 
generally exhibit broad distributions.12 

There have been a number of attempts to determine 
activation energies for molecular processes from the 
study of the temperature dependence of T2 in the transi- 
tion region. This procedure does not work for poly- 
mers because of the broad distribution of correlation 
frequencies. Attempts to analyze the temperature 
dependences of T1 and TI, fail for the same r e a ~ 0 n . l ~  
Activation energies can be reliably deduced6 from the 
combined use of T2 transition temperature and Tl and 
Tl ,  minima (see eq 8-10). 

In  summary, nmr data can yield reliable information 
on molecular relaxation processes in the following ways : 
(1) At the temperature of a T2 transition the correlation 
frequency is approximately 

vc E 1 /7rT2~~  - 104.5 HZ 

v, !Z 21'2vo E lo8 HZ 

(8) 

( 2 )  At the temperature of a T1 minimum 

(9) 

(3) At the temperature of a T I ,  minimum (depending 
on HI) 

(10) 

(4) I n  favorable circumstances,'O vC << l /Tz ,  no inter- 
fering processes 

vc e 7H,/27r E 104-10j HZ 

v c  E 1 / 2 n ~ l ,  E 10-103 HZ (11) 

( 5 )  illode1 calculations give an indication of the gen- 
erality of motions above T,. (6) AIodel calculations 
of Tz via eq 1 serve to confirm structures and motional 
mechanisms. This is particularly effective when the 
motion is specific enough to be analyzed readily. 
Methyl rotations and main-chain reorientations are 
good examples. 

Nmr correlation frequencies have been compared 
with dielectric and dynamic mechanical relaxation 

(11) D. C. Douglass and G. P. Jones, J .  Chem. Phys., 45, 956 

(12) T. hl. Connor, Trans. Faraday Soc., 60,  1574 (1963). 
(13) J. G. Powles and K. Luseczynski, Physica, 25, 455 (1959). 

(9) D. W. McCall and E. W. Anderson, J. Polurn. Sci., Part A, 1, 

(10) C. P. Slichter and D. Ailion, Phys. Rev. A, 135, 1099 (1984). 

(1966). 
1178 (1953). 
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frequencies for polymers, and the correlation is in 
general e~ce l l en t .~  Figure 6 shows an Arrhenius plot 
for polyisobutylene (PIB) with the three types of data 
indicated by N,  D, and M. Two loci of correlation 
frequencies are evident. The low-temperature pro- 
cess is associated with highly hindered methyl rota- 
tion and the high-temperature process is the glass transi- 
tion. Activation energies are proportional to the slopes 
of these curves. An extensive collection of composite 
Arrhenius plots has been p ~ b l i s h e d . ~  

Site Model Theory 
Molecular theories for correlation frequencies have 

been presented by many workers. For the purposes of 
interpreting relaxation processes in solid polymers, we 
believe that  the site model theory of H ~ f f m a n ' ~ , ~ ~  
and his coworkers is particularly well adapted. Briefly, 
a molecular entity is assumed to move subject to a 
double-well potential (Figure 7). Transitions between 
the wells are governed by first-order rate constants 
k and IC', and it is shown that  the rate of approach to 
equilibrium is given by 2 ( k  + k') = 27rvC. The activa- 
tion energy for V ,  is approximately the barrier height 
as viewed from the higher well. The model can be 
generalized to more complex patterns of potential wells, 
and correlation frequency distributions follow naturally. 
The molecular entity under study can be a side group, 
a portion of a side group, or a section of the main chain. 
The theory provides a rational connection between 
macroscopic dielectric properties and molecular struc- 
ture and interaction. In  favorable cases it is possible 
to estimate the barrier height and shape from a knowl- 
edge of molecular geometry and van der Waals forces. l6 

Site model theory as it is presently developed is ap- 
plicable only to the definite motions of definite molecu- 
lar groups. The treatment of glass transition phe- 
nomena thus requires a different approach. 

To conclude this section, it is perhaps worthwhile to 
distinguish between the molecular correlation fre- 
quency vC,  a relaxation frequency, and other frequencies 
that  describe resonant processes, e.g. ,  vibration and 
rotation in gases. vc is an inverse measure of the average 
time i t  takes a molecule or molecular group to move ap- 
preciably (e.g., diffuse one diameter). v,  does not de- 
scribe the rate of a regular oscillatory process. The 
manner in which motions occur in relaxation processes 
( i e . ,  many small steps us. a few large steps) is usually 
not made evident by nmr experiments. 

Side -Group Motions 
Nmr studies of side-group motions in solid polymers 

have been quite successful. Many reports have been 
published, particularly by Slichter" and Powles, and 

(14) J. D. Hoffman and H. G. Pfeiffer, J. Chem. Phys., 2 2 ,  132 

(15) H. Frohlich, "Theory of Dielectrics," Clarendon Press, 

(16) J. I. Lauritaen, J. Chem. Phys., 2 8 ,  118 (1958). 
(17) W. P. Slichter, J .  Polym. Sci., Part C, 14, 33 (1966), and 

(1954). 
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earlier papers cited therein. 
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Figure 6. Arrhenius plot for polyisobutylene (PIB).  N in- 
dicates nmr results. D indicates dielectric results. M indicates 
dynamic mechanical results. 
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A N G L E  OF R O T A T I O N  

Figure 7. Potential energy barrier diagram. 

we will not attempt an exhaustive review of this 
work here. Nearly all commercially important polymers 
have been studied, and a coherent general knowledge 
of the frequency-temperature behavior of side-group 
motions can be ~ l a i m e d . ~  In  addition, intensity com- 
parisons in nmr studies often serve to identify the 
molecular group involved and the nature of the motion. 
Early studies of the acrylic polymers are notable in this 
regard. l9 

Methyl group reorientations have been studied by 
nmr methods in many polymers. Slichter" has given a 
good summary of this work. Owing to the fact that  
these motions are inactive dielectrically, the nmr tech- 
nique plays a unique role here. The nmr dataz0 for 
polycarbonate are shown in Figure 8. The low-tem- 
perature TI  and TI ,  minima and the Tz  transition clearly 
indicate methyl rotation. In  polycarbonate the methyls 
occur in pairs attached to the same carbon atom leading 
to steric effects that result in methyl rotations setting 
in a t  fairly high temperatures." I n  natural rubberz0 

(18) J. G. Powles, B. I. Hunt, and D. J. H. Sandiford, Polymer, 5, 

(19) J. G. I'owles and 1'. Mansfield, ibid., 3, 340 (1962). 
(20) I). W. McCall and D. R. Falcone, Trans. Faraday SOC., 66, 

505 (1964), and earlier papers cited therein. 

262 (1970). 
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Nmr data for polycarbonate. 

(Figure 9), less hindrance prevails. I n  branched 
polyethylenez0 21 low-temperature nmr T1 results in- 
dicate methyl rotation (Figure 10). However, the 
methyl protons are present in such small concentra- 
tion that the effect is not prominent in the Tz data. 
The methyl protons, -57& of the total population, 
provide Tl relaxation to the entire spin system through 
spin diffusion. 

Poly(methy1 methacrylate) is a good example of a 
polymer in which various motions can be resolved18 19 z 2  
(Figure 11). T1 minima for the ester methyl, main- 
chain methyl, and main-chain reorientations are ob- 
served at  <loo, 250, and 490"I<, respectively. The 
ester group rotation is not resolvable from main-chain 
activity in Tl data. In  general, multiple relaxations 
will be better resolved the lower the frequency of the 
experiment. This is simply a consequence of the ob- 
servation that high-temperature relaxations tend to 
have large activation energies. Clearly, the high tem- 
perature of the a-methyl relaxation is a result of hin- 
drance from the ester group attached to the same chain 
carbon. 

We have carried studiesz3 of poly(viny1 acetate) 
(Figure 12) to low temperatures and obtained an inter- 
esting type of methyl rotation. Tl and TI, minima 
near 50 and 30°K are observed, but no change in Tz is 
found to accompany the T,, minimum. This result 
is believed to be associated with quantum mechanical 
tunneling of the methyls, and similar results have been 

(21) D. Vvy. McCd1 and D. C. Douglass, Polymer, 4,  433 (1963). 
(22) T .  XI. Connor and A. Hartland, Phys. Lett., 23,  662 (1966). 
(23) D.  W. SIcCall, D. C. Douglass, V. J. McBrierty, and M. J .  R. 

Further publication Hoch, Discuss. Faradau Soc., 48, 205 (1969). 
of the material on poly(viny1 acetate) is planned. 

N A T U R A L  R U B B E R  

- 2 0 0  -100 0 100 
1 ( ' C )  

Figure 10. Nmr data for branched polyethylene. 

obtained in some r n e t h y l b e n z e n e ~ . ~ ~ ~ ~ ~  This matter is 
not of primary interest in the context of polymer mo- 
tions, but we should be aware that the customary 
interpretation of the activation energy (-1 kcal/mole 
in this case) in terms of a barrier to rotation is probably 
not applicable here. 

(24) F. Apaydin and S. Clough, Proc. Phus. SOC. London, 21, 932 
(1968). 

(25) P. S. Allen, J. Chem. Phys., 48, 303 (1968). 



June 1971 MOLECULAR RELAXATION IN POLYMERS 229 

FEP 
50'C 

-2' I , \ ,  \ I I , N ;MRl  I I , 4 
Tg D 

2.0 4,O 6.0 8.0 10.0 12.0 

103/T 

Arrhenius plot for poly(methy1 methacrylate). Figure 11. 
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Figure 12. Nmr data for poly(viny1 acetate). 

It is also interesting to note that in poly(viny1 
acetate) the known5 motion of the acetate side group 
is not at all obvious in the nmr parameters (Figure 12). 
This is presumably due to the introduction of only weak 
local field modulation on acetate rotation. As the 
methyl groups are already in rapid rotation, this is 
not too surprising. 

Specialized Main-Chain Motions 
in Crystalline Polymers 

Rotation about the main-chain axis is well established 
in entirely crystalline paraffins and other long-chain 
compounds.26 Similar motions are also known to occur 

Figure 13. 
two Tz's. 

Free induction decay signal showing evidence for 

in high polymers, even in chain-folded crystal lamel- 
laee4 , 5  Site model theory has been successfully applied 
to these motions by Hoffman and  coworker^,^ and they 
have succeeded in including the effect of chain twisting 
in a satisfying way. Polymers that have long, linear 
uncross-linked chain structures usually exhibit these 
specialized rotations. These same structural features 
tend to favor crystallization and lead to complex 
crystalline-amorphous morphologies. 

Mmr relaxation studies of partially crystalline poly- 
mers are conveniently carried out and often highly in- 
f o r m a t i ~ e . ~ ' , ~ ~  It is commonly found that  the amor- 
phous regions pass through the glass transition a t  
temperatures well below the temperatures a t  which 
crystalline molecular activity is observed. Thus, a 
range of temperature can be found in which T2 differs 
significantly between the crystalline and amorphous 
regions. A free induction decay signal is shown in 
Figure 13, and two time constants are in evidence. 
(Broad-line (steady-state) nmr studies reveal a narrow 
resonance superimposed upon a broad resonance, but 
it is frequently more difficult to sort out the components 
as the modulation amplitudes are incompatible.) 
Generally the component with the longer T2 corresponds 
to the amorphous regions, above T,. Below T,, T2 is 
about the same for the crystalline and amorphous re- 
gions and they are unresolvable. Free induction decay 
intensity ratios taken from curves like Figure 13 yield 
crystalline : amorphous ratios directly. Degrees of 
crystallinity deduced by this method21t28 are consistent 
with X-ray, density, specific heat, and infrared deter- 
minations keeping in mind the approximate nature of 
the crystallinity parameter itself. Polyethylenes21 
poly(tetrafluoroethy1ene) , 29  and various polyamides30 
are examples of systems that have been studied in this 
way. In  addition, the sorption of solvents in polymers 
can be studied in this manner. For example, in poly- 
ethyleneg it was observed that CC14 had no effect on the 
crystalline signal but increased T2 of the amorphous 
signal markedly. This proves that this solvent enters 
only the amorphous regions under the conditions of the 

(26) R. J. Meakins, Progr. Dielec., 3 ,  153 (1961). 
(27) C. W. Wilson, 111, and G. E. Pake, J .  Polym. Scd., 10, 503 

(1953). 
(28) W. P. Slitcher and D. W. McCall, i b t X ,  25, 230 (1957). 
(29) D. W. McCall, D. C. Douglass, and D. R. Falcone, J. Phya. 

(30) D. W. McCall and E. W. Anderson, J .  Chem. Phys., 32 ,  237 
Chem., 71, 998 (1967). 

(1962). 
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Figure 14. Nmr data for polytetrafluoroethylene. 

study. This area of study has not been given much 
attention, and much remains to be done. 

Poly(tetrafluoroethy1ene) is an excellent example of 
a polymer that exhibits specialized motions in the 
crystalline regions. Wilson and PakeZ7 correctly as- 
signed the crystalline and amorphous components in 
an early study. Two crystalline polymorphic transi- 
tions are well l i n o s ~ n . ~ ~  19F relaxation time data2Q are 
shown in Figure 14. Two T2’s are evident over a wide 
range of temperature. The change in Tz near 20°C 
was assigned to main-chain rotation by S l i ~ h t e r ~ ~  and 
Hyndman and O r i g l i ~ ~ ~  on nmr evidence. The crystal 
structure changes from triclinic to psuedohexagonal 
a t  this point.31 The sharp change in the shorter Tz  a t  
20°C and the insensitivity of the longer T z  leave no 
doubt as to the correctness of the e a r l i e F ~ ~ ~  motional 
assignments. The crystalline transition above 35°C is 
known to be more subtle, but it is also evident in the 
Tz behavior. Nmr fiber data34 for FEP, a copolymer of 
tetrafluoroethylene and a small amount of hexafluoro- 
propylene, are shown in Figure 15. The orientation 
angle, y, is the angle between the fiber axis and the 
magnetic field direction. Although the transitions are 
less sharp and occur at  lower temperatures, the molecu- 
lar motions in the copolymer are evidently the same as 
in the homopolymer. Detailed analysis based on eq 1, 
the known molecular structure and crystal parameters, 
and the assumption of rotation about the helical axis 

(31) C. Mi. Bunn and E. R. Howells, Nature (London), 174, 549 

(32) W-. P. Slichter, J .  Polurn. Sci., 24, 173 (1957). 
(33) D. Hyndman and G. F. Origlio, J .  A p p l .  Phys., 31, 1849 

(34) V. J. McBrierty, D. W. McCall, D. C. Douglass, and D.  R. 

(1954). 

(1960). 

Falcone, J. Chem. Phys., 52, 512 (1970). 
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Figure 15. Nmr data for a tetrafluoroethylene-hexafluoro- 
propylene copolymer (FEP). The arrows indicate theoretical 
predictions based on eq 1 and model motions. “Rotating” reiers 
to a model motion in which the chains rotate rapidly about their 
long chain axes. “Rotating and Translating’’ refers to a model 
motion in which rapid translation parallel to the axis occurs in 
addition to rotation. 

of the molecule yield quantitative agreement with the 
observed Tz plateau values. Similar calculations allow- 
ing the chains the further freedom of longitudinal trans- 
lation account for the changes observed above 35°C. 
No nmr data are used in making the predictions in- 
dicated in Figure 15. Only structural data, the model, 
and fundamental constants are involved. Equation 1 
also accounts for the rigid lattice Tz. 

The molecular motions associated with the crystalline 
transitions of poly(tetrafluoroethy1ene) and FEP are 
thus well accounted for. However, owing to the first- 
order character of the transitions, the Tz data do not 
convey information regarding the frequency of motion 
beyond the observation that the vC’s above and below 
the transitions bracket l / y T z  - 105 Hz. TI,, and TI 
(Figure 14) indicate that v0 is increasing rapidly just 
below the 20°C transition. Reorientations occur a t  
frequencies below lo4 Hz in the triclinic phase but 
jump to much higher frequencies when the crystal 
structure becomes psuedohexagonal. Similar remarks 
apply to the 35°C transition. We note that  although 
the nmr results provide powerful evidence concerning 
the geometry of the molecular motions and average 
motional rate, no mechanism information is imparted. 
That is. the motion could be classical rotation or acti- 
vated jumping between a limited number of orienta- 
tions. The above discussion would be the same either 
way. 

TI and TIp have not been particularly useful in the 
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characterization of specialized polymer motions. This 
is largely a consequence of the difficulty in predicting 
the magnitude of the T I  and TI,, minima when a dis- 
tribution of correlation frequencies is present and of the 
sensitivity of T1 and TI, to spin-diffusion processes. 
One successful study has been reported.3s The a! re- 
laxation in polyethylene (linear), a high-temperature 
crystalline phenomenon, has been studied by means of 
rotating frame experiments. The crystalline and 
amorphous TI,, signals were resolved and the vo de- 
duced from the Slichter-Ailionlo relation vo S 1/(2rT1,,). 
A comparison of these results with dielectric data is 
shown in Figure 16. The close agreement with the 
dielectric data suggests that  the a! relaxation is a bulk 
effect in polyethylene, Le.,  not a chain end or impurity 
effect. Rotation about the main-chain axis is the 
obvious mechanism. 

The theory of the dependence of T1 and TI,, as a 
function of fiber orientation has been given.36 Data 
for FEP were analyzed and found to be consistent with 
molecular mechanisms deduced from Tz studies. 

The Glass Transition 
The glass transition is probably the most studied and 

least understood relaxation phenomenon. Certainly 
it is the most important. It has received a great deal 
of theoretical attention, but it is my opinion that all 
existing theories are seriously deficient. Theoretical 
discussions have been presented by B ~ e c h e , ~ ’  Gibbs,** 
Ferry,*@ Turnbull and C ~ h e n , ~ ~ , ~ ~  and others from 
various points of view. Equations have been developed 
that  can be fitted to many experimental measurements. 
Our disappointment with existing theories is not based 
upon numerical comparisons. Rather, we find the 
physical models to be unsatisfying. We will not 
review the theories but concentrate on the empirical 
results of nmr measurements and some general inter- 
pretations that  would seem not to be in question. 

Glass transition phenomena appear to be independent 
in many respects of the molecular nature of the sub- 
stance involved. The “glass transition” is the normal 
manner in which a “solid” amorphous material be- 
comes a viscous liquid or rubber. The behavior of 
inorganic glasses, low molecular weight organic glasses, 
and high polymer glasses is remarkably uniform. Nmr 
data for poly(viny1 acetate) are shown in Figure 12. 
Data for o - t e r ~ h e n y l ~ ~  are shown in Figure 17. Re- 
sults for glassy Ca(NO& - 8H20,43 glycerol,43 and natural 

(35) D. W. McCall and D. C. Douglass, Appl .  Phys. Lett., 7, 12 
(1965). 
(36) V. J. LMcBrierty and D. C. Dooglass, J .  Magn. Resonance, 2, 

352 (1970). 
(37) F. Bueche, J .  Chem. Phys., 30, 748 (1959), and earlier papers 

cited therein. 

(b) G. Adam and J. H. Gibbs, ibid., 43, 139 (1965). 
(38) (a) J. H. Gibbs and E. A. DiMarzio, ibid., 28, 373, 807 (1958); 

(39) J. D. Ferry, “Viscoelastic Properties of Polymers,” Wiley, 
New York, N. Y., 1961. 
(40) M. H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164 

(1959). 
(41) D. Turnbull and M. H. Cohen, ibid., 34, 120 (1961). 
(42) D. W. McCall, D. C. Douglass, and D. R. Falcone, ibid., 50, 

(43) A. Fratiello, t o  be published. 
3839 (1969). 
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Figure 16. Correlation frequencies for the (Y relaxation in poly- 
ethylene. SA refers to correlation frequencies deduced from the 
Slichter-Ailion regionlo (see text). 

Figure 17. Nmr data  for o-terphenyl. 

rubberz0 (Figure 9) are similar in form. Indeed, all 
nmr studies of glass transitions yield results of this 
general form.44 

The example of o-terphenyl is particularly instructive 
because i t  is easy to maintain this substance in the 
completely crystalline or completely amorphous states. 
o-Terphenyl is available in very pure form and is not 
hydrogen bonded or polymeric. Thermodynamic mea- 
s u r e m e n t ~ ~ ~  have been made in both the crystalline 
and supercooled states, and the entropy difference a t  
the glass transition temperature is found to  amount to 

(44) W. P. Slichter, J .  A p p l .  Phvs., 35, 10 (1964). 
(45) R. J. Greet and D. Turnbull, J .  Chem. Phys., 47, 2185 (1967). 
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about 6 eu. This entropy implies a prodigious dis- 
order. Any d iscu~s ion~’~~* of a state for which the con- 
figurational entropy is zero is highly hypothetical. 

Furthermore, the manner in which the kinetic 
parameters, e.g., Y,, the viscosity or diffusion coefficient, 
vary as T ,  is approached from higher temperatures is 
independent of the molecular nature of the substance. 
It is T ,  that  has the appearance of a transition tempera- 
ture and not some temperature many degrees below. 

Having used the term amorphous, we should be alert 
to possible misunderstandings. There will always be 
local order in condensed phases, and the amount of 
order or disorder is not qualitatively different in the 
liquid, supercooled liquid, or glassy state. Thus, it 
may be fruitless to seek a description of glass transition 
phenomena based on entropy considerations alone. 
Of course, the variation of the entropy with tempera- 
ture suggests a second-order transition, and the interest 
in entropy calculations is understandable. 

There is abundant documentation of the empirical 
fact that long-range motion does not occur at all below 
T,. The cessation of long-range motions is the central 
fact associated with the glass transition. Nmr relaxa- 
tion studies reveal that  some types of local motion do 
occur below T,. Rlethyl and side-group rotations 
have been discussed above. A more subtle but sig- 
nificant effect is observed in Tl,  curves. These curves 
vary smoothly through the glass temperature; they 
do not cut off sharply on the low-temperature side. 
This invites the suggestion that motions of progressively 
smaller amplitude and segment size are frozen out as 
the temperature is ion-ered. 

The depths of the T1 and Tl, minima and the magni- 
tudes attained by Tz a t  temperatures well above T ,  
preclude any specialized motions in the rubbery or 
liquid range. When T z  is as large as sec, no re- 
strictions on molecular activity, in the sense of single 
axis of specific bond rotations, can be supported. The 
discussion given earlier on this point should be entirely 
general. 

It is difficult to summarize the state of knowledge 
concerning glass transition phenomena because of the 
absence of a good physical model. Recognizing the 
essentially kinetic nature of the processes associated 
with T,, it is perhaps not too surprising that a suitable 
theory has not been developed. 

In  partially crystalline polymers nmr is particularly 

useful for characterizing the chain mobility of the 
amorphous regions. The amorphous fraction under- 
goes a glass transition that  is similar in character to  
glass transitions observed in entirely amorphous sub- 
stances, but the constraints imposed on the molecules 
in the amorphous regions by the intimately attached 
crystallites are apparent in the nmr results. Tz reaches 
magnitudes of -loF4 see in many polymers well below 
the crystalline melting point. For example, in branched 
poly(ethy1ene) (Figure lo), TZ - lou4 sec at about 
65°C. The amorphous Tz in semicrystalline polymers 
often gives evidence of going from the rigid state, Tz - 

sec, in two 
stages. This has been interpreted as the onset of 
fairly specialized motions at  low temperatures and more 
generalized motions a t  higher temperatures. However, 
Tz does not always exhibit a plateau between the stages, 
and i t  has not been possible to make an unequivocal 
assignment. Also, we know of no specialized motion 
that  leads to calculated Tz’s as long as 0.8 X sec, 
the plateau for polyethylene (Figure 10). 

Fiber studies of highly drawn polymers usually give 
no indication of amorphous orientation. This is an 
important result as the nmr data would be fairly sen- 
sitive to orientation. The morphological implications 
of this finding have not been developed. The use of 
nmr relaxation studies in the determination of orienta- 
tion functions has been described by NcBrierty and 
Ward.46 

sec, to the rubbery state, Tz 1 

Conclusions 
We have seen how nmr relaxation can be used in the 

study of molecular motion in polymeric systems. Side- 
group motions, specialized main-chain motions, and 
glass transition phenomena are all amenable to the 
method. The molecular information obtained is often 
uniquely explicit. At this stage of development nmr 
relaxation has been established, along with dielectric 
relaxation, as a leading technique for the characteriza- 
tion of polymers. 

I a m  indebted to Drs. TV. P. Slichter, D .  C. Douglass, and V .  J .  
McBrierty for assistance and encouragement in the development of 
this material. 

(46) V. J. McBrierty and I. M. Ward, Brit. J. A p p l .  Phys., 1, 
1529 (1968). 


