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Introduction 

As equipment and relaxation measurement techniques 
have become more sophisticated and sensitive in the last few 
years, the amount of molecular dynamics information which 
can be obtained by NMR has increased greatly.2"5 However, 
as these experiments become more accurate, the possibility of 
elucidation of more subtle molecular dynamic processes is 
enhanced. These additional consequences of the development 
of the field result in other problems, namely, the analysis of any 
relaxation data presupposes that an adequate model has been 
chosen. The generally accepted approximation of a single 
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correlation time characterizing the exponential decay of the 
autocorrelation function has been the choice of preference for 
most analyses.6-13 

Theoretical advances14-23 have allowed for the interpreta
tion of more complex molecular motions but extensive variable 
temperature and variable frequency experiments have not been 
available to properly test the various models. Such testing 
should encompass measurement of all three accessible pa
rameters, the spin-lattice relaxation time, Ti, the spin-spin 
relaxation time, Ti, and the nuclear Overhauser enhancement, 
NOE. However, the more stringent experimental requirements 
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Figure 1. Proton-decoupled 13C NMR spectrum of a 50% (w/w) solution of poly(n-butyl methacrylate) in toluene-^- Spectrum obtained at 40 0C and 
67.9 MHz. 
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Figure 2. Proton-decoupled 13C NMR spectrum of a 50% (w/w) solution of poly(«-hexyl methacrylate) in benzene-^- Spectrum obtained at 40 0C 
and 67.9 MHz. 

associated with accurate T2 measurements negate the detailed 
use of this parameter in the present study. Line broadening due 
to the effects of tacticity further complicate such measure
ments. 

We wish to report the results of an extensive 13C NMR re
laxation study of two polymers, poly(«-butyl methacrylate) 
and poly(«-hexyl methacrylate), at a number of temperatures 
and at two widely different magnetic fields. The inadequacies 
of the available models will be discussed and suggestions for 
improvement of the present theories will be proposed. 

Experimental Section 

Poly(«-butyl methacrylate) (PBMA) was obtained from Polysci-
ence, Inc., as a high molecular weight material. Solutions were made 
without further purification using toluene-^ and benzene-rf6 as sol
vents. Poly(«-hexyl methacrylate) (PHMA) was purchased as a tol
uene solution (25 wt %) from the Aldrich Chemical Co. All samples 
were sealed in NMR tubes but not degassed. PHMA samples (50% 
w/w) were prepared by solute concentration at ~70°C under a N2 
gas stream. 

Natural abundance 13C spectra were obtained using Bruker 
HX-270 and HFX-90 spectrometers operating for 13C at 67.9 and 
22.6 MHz, respectively. Representative spectra are shown in Figures 
1 and 2. Free induction decays were accumulated using Nicolet 1080 
series computers and Fourier transformed to yield 4096 data points 
in the frequency domain spectra. Quadrature detection was employed 
for all T] experiments and some of the NOE determinations. 

T\ measurements were performed using the (r-180°-/-90°)x fast 
inversion recovery pulse sequence, FIRFT.24 Intensities obtained from 
the FIRFT spectra were used to calculate relaxation times using the 
expression In (A „ -A1) = t/T] where-4 „ is the equilibrium amplitude 

of the fully relaxed peak and A1 is the amplitude of the peak at some 
pulse delay time /. The estimated error in T] is approximately 10% 
but repetitive measurements indicated that the reproducibility was 
usually much better. A typical set of experimental results is shown 
in Figure 3. 

Nuclear Overhauser enhancement factors (NOEFs) were deter
mined with gated decoupling25 generally using single-phase detection. 
Experiments were set up to take two sets of spectra: two spectra were 
acquired with constant wide-band decoupling and two others using 
gated decoupling. The pulse interval equaled or exceeded ten times 
the longest T1 involved. NOE values were determined from the av
erage of the two data sets and are considered accurate to within 
±15-20%. 

The temperature was controlled with a Bruker B-STlOO heating 
unit. The sample temperature was measured using a thermometer 
placed in an equivalent sample tube containing an equivalent volume 
of benzene or toluene solvent, under identical decoupling conditions. 
Decoupling power was kept low to prevent differential sample tem
peratures during gated decoupling NOE measurements (~3-4 W). 

All theoretical calculations were performed on a CDC 6400 com
puter with programs written in FORTRAN IV. 

Theory 

For two nonequivalent spin-'/2 nuclei the spin-lattice re
laxation time6-7 and the nuclear Overhauser enhancement 
factor may be written in terms of the spectral density functions, 
Jt (o>), as 

- ^ = 0.\Nyc
2yH2h2r-*[Jo(uH ~ «c) 

J 1 

+ 3J1(Wc)+ 6J2(UH+ uc)] (1) 
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Figure 3. Proton-decoupled 13C NMR spectra of a 50% (w/w) solution of poly(n-hexyl methacrylate) in to!uene-</8- The number to the right of each 
spectrum is r, the interval between the 180° and the 90° pulse in the FIRFT sequence, and is given in seconds. The equilibrium spectrum is shown at 
the top while the others are partially relaxed spectra. 

and 

NOEF(NOE-I) =77 

6Z 2 (^H + toe) ~ JQ(<»H - &>c) = 3.976 
.7O(«H - ^c) + 37] («c) + 6 /2 («H + wc). 

(2) 

where TV is the number of directly attached hydrogens (for 
13C-1H dipolar relaxation), 7c and yn are the magnetogyric 
ratios of carbon and hydrogen, respectively, and r is the car
bon-hydrogen internuclear distance. 

If the autocorrelation function can be described by an ex
ponential characterized by a single correlation time,6 TC, one 
obtains 

Mu) = (3) 

For a distribution of correlation times26-31 (mathematically 
indistinguishable26 from nonexponential autocorrelation 
functions) one can introduce a multiplicative factor known as 
the probability density function, G(TC),26 and eq 3 becomes 

G{TC)TC 
Jj(U >-r 1 + O) 2 T 2 

where 

r G(rc)dTc = 1 

(4) 

(5) 

Of the many possible distribution functions26-32 only the 
spectral densities for three (Cole-Cole,27-29 Monnerie diamond 
lattice,29 and log - x 2 28'29) and their derivatives will be dis
cussed. 

Each distribution has been found to yield quantitatively 
similar results when applied to a common data set, especially 
if the experimental data are obtained at a single field.29 Under 
these circumstances, choosing the model which best describes 
polymeric dynamics is somewhat arbitrary. The pros and cons 
of these three functions will be briefly discussed below. It is 
important, however, to examine the general consequences of 
adopting this type of model for the behavior of the backbone 
carbon molecular dynamics. Many of the trends experimen
tally determined for polymer side-chain carbons are intimately 
linked to the model chosen for the backbone carbons. 

Invocation of a distribution results in the prediction of fre
quency-dependent relaxation times over a very wide range of 
correlation times, including within the so-called extreme 
narrowing region predicted from a single correlation time 
model.26-29 Thus, very long relaxation times can be field de
pendent. Measurements made (and conclusions drawn) in such 

cases may be quite misleading if only one magnetic field is used 
to obtain the T] data. As shown in Figure 5, NOEs also exhibit 
more complex behavior relative to that predictedfrom single 
correlation time models. A decrease in the NOE can be ob
served at shorter correlation times, while an increase in the 
NOE is obtained at longer correlation times, both depending 
on the width of the distribution.28'29 Therefore, carbons ex
hibiting long, but still frequency-dependent, T\s may have 
unexpectedly low NOEs. Conversely, carbons with very long 
correlation times may have abnormally high NOEs. 

The position of the T\ minimum for a given carbon as a 
function of motion (temperature) is also affected by the width 
of the distribution of correlation times, especially for broader 
distributions (as in the log —x2 model).28 In addition, the 
curves for T] and NOE as a function of correlation time be
come more shallow as the width of the distribution increases. 
This is illustrated in Figures 4 and 5 for the log —x2 distribu
tion. As a result (for a constant distribution width) the observed 
temperature dependence of the T] s and NOEs may be small, 
particularly for very broad distributions. For (probably com
mon) cases in which the distribution width varies with tem
perature the derivation of a "simple" activation energy for the 
polymer thus becomes impossible.33 

The spectral densities for the models investigated in detail 
will now be discussed briefly. 

Log —x2 Distribution. The spectral density function for the 
log —x2 distribution28'29 is given by 

,i{w)= So 
TH{s)(expbs - 1) 

( 6 - l ) i l + u > 2 r 2 [ ( e x p 6 s - l ) / ( & - l ) ] 2 i 
ds 

where 

n{s)» — (psy-^-p'p 

(6) 

(7) 

In eq 7 p is the width parameter and T(p) (which is a nor
malization factor) is the value of the T function for the value 
P-

Owing to the use of a logarithmic scale the variable s is de
fined by 

J - I O g 6 [ I +(b-\)rc/r] (8) 

The average correlation time is given by T and the logarithmic 
base is described by the parameter b (usually taken to be 1000). 
For p greater than 1OO this model reduces to the single corre
lation time model. Note that this is an asymmetric distribution 
with greater weighting of the correlation times for longer T 
values.28 
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Figure 4. Spin-lattice relaxation time, T1, as a function of correlation 
time, T, and distribution width, p , for the log —x2 distribution (22.6 
MHz). 
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Figure 5. Nuclear Overhauser enhancement factor, NOEF, as a function 
of correlation time and distribution width for the log - x 2 distribution (22.6 
MHz) . 

Log —x2 Distribution Including "Simple" Internal Rota
tion.29 The first modification to be made involves inclusion of 
internal rotation in the equations, in anticipation that such a 
correction may better describe the motion of polymer side 
chains. The internal motion is incorporated under the following 
assumptions: (1) only one extra degree of freedom is involved 
and (2) the carbon in question is assumed to experience a 
threefold barrier to rotation. In addition, it can be assumed that 
the motion of the substituent is either dependent on or inde
pendent of the motion of the backbone. 

The spectral densities for the dependent case are 

(1 — 3 cos2 a)1 JM " 1 H(s) 

U - I / 
+ 3(sin2 2a + sin4 a) 

/ 2K \_/b*-\\ 

\2K + 3 / ' \b - 1/ 

\2K + 3/ Kb-

• 

i)'\ 
ds (9) 

where K = Tg/rQ, rg is the correlation time for internal rotation, 
and a is the angle between the CH vector and the rotation axis. 
It is anticipated that this formulation would be most successful 
for describing the motion of methyl groups directly attached 
to the polymer backbone. 

Log ~X2 Distribution Including Multiple Internal Rotations. 
The final change involves incorporating multiple internal 
rotations into the dynamics of the side-chain carbons while 
maintaining the distribution of correlation times for the 
backbone carbons. 

The theory behind derivation of spectral density functions 
for multiple internal rotations has been described in previous 
papers18"20 and only the essential equations relevant to the 
present discussion will be given here. 

The spectral density functions for internal rotation alone are 
given by18-20 

JM= E \dabWa)\2\dbc(M\2.. . \dni(M\2 

a,b i 

X|4o(ft)|2 

1 + W2T2 

where 

T = (6D0 + a2Da + b2Db + . .. + /2Z),)" 

(10) 

( H ) 

and D0 is the overall (isotropic) rotational diffusion constant 
for the molecule, Da, Db Z), are the rotational diffusion 
constants for the carbon-carbon bonds in the alkyl chain, and 
the dtj are the reduced second-order Wigner rotation matrices. 

The angles, ft,, ft,,..., are the angles between successive axes 
of rotation and ft is the angle between the final axis of rotation 
and the dipole-dipole vector between the coupled nuclei under 
investigation. 

London and Avitabile20 have shown that the problem may 
be considerably simplified, the resulting spectral densities being 
given by 

Ji{">) - Z BabBbc • • • BHiBi0 — r—T 
a,b i 1 + CiTTz 

(12) 

where the B matrix elements are geometric factors describing 
the alkyl chain (their values can be found in ref 20). Rather 
than refer to these papers individually, the above theory of 
multiple internal rotations developed by Wallach,17 Levine18,19 

et al., and London20 et al. will be referred to collectively as the 
WLL theory. 

We propose that the WLL-derived theory may be unsatis
factory for describing the frequency-dependent dynamic pa
rameters (T\, NOE) of side-chain carbons attached to 
"macromolecules" whose overall molecular motion must be 
described by a distribution of correlation times.34 The extensive 
data obtained in the present work allow a rigorous comparison 
of these theories to be made. 

To adequately explain the two field T1 and NOE data we 
have extended the present WLL theory to the situation in
cluding a distribution of correlation times for the backbone 
carbons. This is accomplished by applying the probability 
density function for the log —x2 distribution (eq 7) to the 
spectral density given in eq 10 

JiM = E 
a,b, . . . 

\dab(0a)\
2 . . . \dhl{0h)\

2\diO(B, 

(ps)P~le~psp (expbS — [)r*ds 
( - T(P) 

JO \b - l j j l +OJ 2 T * 2 [ ( e x p f e s - I)Kb- I)]2J 

where 

T* = (6Z)0* + a2Da + b2Dh + . . . + /2Z),)" (13) 

and 

"•-- £) (^) 
(The parameter b in the log —x2 distribution formulation was 
taken to be 1000. This should not be confused with the dummy 
variable b used in the summation over the rotation matrices.) 
A corresponding expression which is computationally faster 
may be derived by applying the appropriate probability density 
function to eq 12. This latter formulation was used in the 
present case. 

Of the possible choices of distributions upon which one could 
expand the model for side-chain dynamics, the log —x2 dis-
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Figure 6. Spin-lattice relaxation times for side-chain carbons as a function 
of distribution width. The diffusion constants equal along the chain with 
values D1 = 1.0 X 10" s"1 for 67.905 (—) and 22.635 MHz ( ). 
Backbone (carbons) isotropic correlation time is 1. X 10~10 s. 

tribution model28 was chosen. All of the models suffer from 
various deficiencies. The Cole-Cole27-29 is a symmetrical 
distribution while the asymmetrical log —x2 model favorably 
weights the longer correlation times to be expected in polymeric 
systems. It should be noted that there is no particular advan
tage in using the asymmetric log —x2 distribution for systems 
characterized by relatively narrow distributions. It can be 
shown35 that the x2 distribution can be approximated very 
closely by a normal (i.e., symmetric) distribution for cases in 
which the number of degrees of freedom is approximately 45 
or greater. The most serious deficiency of the Monnerie dia
mond lattice model is the erratic temperature dependence of 
TDI'To for comparable polymers. Also, the physical basis of the 
model has been questioned.292 To further complicate the sit
uation Heatley and Cox29b have determined that the most 
consistently successful interpretation of the polymer motion 
in poly (vinyl acetate) in solution (as determined by 1H NMR) 
requires the conformational jump (Monnerie) model. The log 
—X2 model suffers from the presence of the parameter b which 
must be judiciously chosen so that a wide range of data can be 
examined with a change in the width parameter, p, only. The 
model breaks down for cases in which p < In b. 

Levine et al.18-19 have shown that the decay of the autocor
relation function for carbons more than five bonds removed 
from a motional restriction, such as that imposed by a "mac-
romolecule", is not affected by varying the diffusion constant 
of the macromolecule. Thus the 7Ys of those carbons were 
predicted to be independent of the motion of the macromole
cule. Levine36 noted that such calculations ignore steric hin
drance and conformational interdependences along such a 
chain. He suggested a more realistic model which incorporated 
a Monte Carlo approach to the calculation of the time evolu
tion of allowed conformations and an appropriate statistical 
transition matrix to determine the probabilities of conforma
tional changes. A particularly strong correlation in motions 
for pairs of adjacent C-H vectors along a chain can be induced 
(theoretically) by an appropriate choice of the parameter de
scribing the population ratio of the allowed conformations, in 
conjunction with the introduction of forbidden conformations. 
This correlation exists for at least the first six pairs of C-H 

vectors assuming that the potential energy well profiles for 
different chain segments are not perturbed by differential in-
termolecular interactions of significance. 

Thus the possibility of long-range ordering of molecular 
motions is not excluded from the WLL theory. Rather the facts 
point more to the conclusion that these long-range "coopera
tive" motions have merely eluded detection. This emphasizes 
the need for multifrequency T\ and NOE measurements for 
accurate interpretation of dynamics in polymeric and other 
complex molecular systems. 

Recently, Yasukawa et al.37 have simulated the random 
motions of an «-hexyl chain bound to a macromolecule 
[poly(«-hexyl-4-vinylpyridinium bromide)] by Monte Carlo 
methods. Different models were tested according to the tran
sition probabilities chosen for the conformational intercon-
versions. They found that the spectral density functions for the 
main chain agreed well with the conventional spectral density 
approximation [2T/(1 + W2TC

2)] but that the functions for the 
hexyl chain could not be represented by the same expression. 
While a satisfactory fit to the experimental T\ values was 
obtained, no mention was made of the predictive value of the 
theory as applied to the NOEs or to changes in frequency. 

Calculations. Numerical Results 
Figure 6 illustrates the trends exhibited for the various 

carbons of an alkyl chain which is described by equal internal 
rotational diffusion constants (Z), = 1.0 X 1011 s_1) about each 
bond, the chain being attached to a "macromolecule" (defined 
as carbon 0) with an effectively isotropic correlation time of 
1.0 X 10-10s. 

When the overall molecular correlation time (rm0i) is longer 
than the correlation time for internal rotation the relaxation 
times increase dramatically along the chain (subject, in this 
case, to the Z),-s being constant along the chain). However, the 
relative NT\ differentials for these carbons are attenuated 
considerably by the presence of a distribution of correlation 
times for the backbone carbons, until finally for a broad dis
tribution (e.g., p = 8) the /V7Ys change very little over the 
length of the chain. The same effect occurs when the internal 
rotational diffusion constant is slower than the overall mo
tion.38 The presence of a distribution can be distinguished from 
this latter situation by the frequency dependence of the 7Ys, 
as well as from certain trends in the NOEFs (vide infra). 

There is only a slight frequency dependence for the 7Ys near 
the end of the chain with a narrow distribution (p = 50). The 
frequency dependence increases considerably for broader 
distributions and is present even for the end methyls of long 
chains whenp is 510. As the trends (Figure 6) indicate, the 
frequency dependence may disappear entirely for side-chain 
carbons attached to a backbone whose motion can be described 
by a single correlation time model. The presence of the dis
tribution lowers TiS for the side-chain carbons relative to the 
values calculated for the single correlation time model for 
identical diffusion constants. Also apparent is the fact that a 
change in the width of the distribution can induce a large 
change in the 7Ys. 

Figure 7 illustrates the effects on the nuclear Overhauser 
enhancement factor assuming the parameters given in Figure 
6. The NOEFs range from 1.2 to 1.5 for C-I under the given 
conditions at both fields and increase for the remaining carbons 
in the chain. For these latter carbons, however, when p ^50 
the NOEF is substantial and might be considered maximized 
within experimental error (depending on the accuracy of the 
experiment). For very broad distributions these NOEF values 
are quite low, even for C-4 having a value of approximately 1.4. 
With most distribution widths, there is only a slight frequency 
dependence of the NOEF for the side-chain carbons. 

Another possible situation is depicted by Figures 8 and 9. 
The rotational diffusion constants along the chain have been 
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reduced by two orders of magnitude so that the internal motion 
is now comparable to the overall or polymer backbone seg
mental molecular motion. As has been noted and as shown in 
Figure 8 there is only a small gradation in the relaxation times 
along the side chain (note the change in scale of T\ values). 
When internal motions are much slower than the overall mo
lecular motion there would be virtually no change in the T\% 
along the chain. In this case there is a substantial frequency 
dependence which, as expected, increases for the broader 
distribution. (When Tjnt (r;nt = (6Z),)-1) is longer than rmoi 
the relative frequency dependence of the T\ s is greater than 
for the case TIM less than rmoi.) 

The effects of these motional parameters on the NOEFs are 
substantial (Figure 9). Slower motion results in a larger fre
quency dependence than for Dt = 1.0 X 10". Also, the leveling 
effect of the distribution causes the NOEFs to be substantially 
lower. For p = 20 the C-4 carbon NOEF is 1.2-1.4 at the two 

fields, whereas for Z), = 1.0 X 1011 s_1 a much broader dis
tribution (p = 8) was required to attain comparable NOEF 
values. The effect of the distribution width is enhanced also. 
Changing fromp = 20 top = 50 for D1 = 1.0 X 109 s -1 results 
in an NOEF change of 0.35 for C-4; the same change in p when 
A = 1.0 X 1011S"1 affects the NOEF for C-4 by only 0.1. 

It should be noted that the model invoked is logically ex
tended from one carbon to the next. Determination of the av
erage backbone correlation time, r, provides the basis for 
calculation of the side-chain carbon data. The rotational dif
fusion constant for the first "effective" carbon-carbon bond 
is varied until the best fit for the two field data is obtained. 
Keeping this value constant, the data for the next carbon are 
reproduced by varying the next rotational diffusion constant. 
The process is repeated as often as necessary to describe the 
entire side chain. 

Multiple Field Measurements. Heatley and Begum29 noted 
that the motional parameters for a theory should be dependent 
on observable parameters if the former are to be calculated 
with accuracy. The areas which are least sensitive, in general, 
are the regions of the T\ minimum and the long correlation 
time region for the NOEF. In these cases the experimental data 
(within the limits imposed also by experimental accuracy) may 
therefore be reproduced by a number of different model pa
rameters. This ambiguity is alleviated by the use of two mag
netic fields as widely separated as possible. Three (or more) 
field strengths would be even more advantageous. Figure 10 
illustrates that a single frequency measurement of T\ can lead 
to the prediction that any distribution width (up to and in
cluding the possibility that no distribution exists) will repro
duce the experimental T\ for certain correlation times. The 
possible need for invocation of a complex form for the auto
correlation function clearly cannot always be properly evalu
ated from data obtained at one frequency (for one nuclide, at 
one magnetic field). 

Results and Discussion 
Examination of the T\ data for PBMA and PHMA (Tables 

I-VI) reveals several characteristic trends. The T\% for the 
side-chain carbons generally increase as a function of distance 
from the backbone. This is not unexpected, since similar be
havior is observed in smaller molecular systems having ali-
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Table II. Nuclear Overhauser Enhancement Factors for Poly(n-
butyl methacrylate) in 50% (w/w) Solution in Toluene-t/8 
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Figure 10. Spin-lattice relaxation time vs. correlation time for distribution 
widths of p = 8 ( ) and p = 100 (—) for 67.905 and 22.635 MHz. 

Table 1.13C Spin-Lattice Relaxation Times of Poly(«-butyl 
methacrylate) in 50% (w/w) Solution in Toluene-^ 

Temp, 
0C 

- 5 
6 

21 
46 
55 
75 
80 
93 
98 

111 

10 
22 
37 
49 
66 
83 

105 

" Not 

C-I 

0.27 
0.35 
0.35 
0.33 
0.33 
0.28 
0.29 
0.31 
0.32 
0.35 

0.13 
0.11 
0.093 
0.094 
0.085 
0.10 
0.15 

evaluated 

C-2 

0.20 
0.23 
0.37 
0.57 
0.69 
0.79 
0.90 
0.95 
1.1 
1.4 

0.20 
0.25 
0.27 
0.33 
0.37 
0.45 
0.67 

T\ 
C-3 

0.35 
0.39 
0.73 
1.2 
1.5 
1.5 
2.5 
2.7 
2.8 
3.4 

T1 

0.45 
0.52 
0.70 
0.89 
0.95 
1.1 
1.4 

(67.9MHz),s 
C-4 

0.93 
1.0 
1.7 
2.4 
2.9 
3.4 
3.8 
4.0 
4.3 
6.2 

CCH3 

0.053 
0.057 
0.062 
0.081 
0.11 
0.15 
0.14 
0.18 
0.18 
0.26 

(22.6MHz), s 
1.1 
1.3 
1.5 
1.7 
1.8 
2.1 
2.8 

0.025 
0.030 
0.033 
0.048 
0.059 
0.079 
0.13 

CCH2 

a 
0.21 
0.17 
0.12 
0.098 
0.085 
0.086 
0.093 
0.094 
0.11 

a 
0.034 
0.031 
0.031 
0.030 
0.035 
0.043 

CCR4 

2.7 
2.3 
2.3 
1.8 
1.7 
1.5 
1.4 
1.3 
1.5 
1.6 

0.69 
0.64 
0.56 
0.54 
0.49 
0.53 
0.70 

phatic chains effectively anchored at one end by the presence 
of a relatively immobile functional group or because of ionic 
or bonding interactions between the molecule and its imme
diate environment.3'5'13'19'39'40 In the absence of such a sit
uation NT] values generally increase from the center of 
mass.19-40-42 Since motional restriction is greater for the carbon 
positions closer to the restricting group, correlation times de
scribing these positions should be longer than for carbons re
moved from the site of restriction. The motions along the ali
phatic side chains of PBMA and PHMA are predominantly 
characterized by apparent correlation times to the left of the 
T\ minimum. Note, however, that the T\ values for C-2 
sometimes show a slight decrease with respect to the T\ values 
for C-I and C-3 (at lower temperatures and at the higher field 
strength). 

The most surprising fact is that there is a consistently large 
field dependence associated with the T] s for all of the side-
chain carbons. Simple theory 6 8 predicts that the dipolar T\ 
of a carbon is independent of the magnetic field strength if the 
correlation time describing its motion is within the extreme 
narrowing region [(u>c + <^H)2^C2 « I ] . 

Temp, 
0C 

NOEF (67.9 MHz), y\a 

C-I C-2 C-3C C-4 CCH3 CCH2 CCR4 

- 5 
14 
34 
42 
52 
64 
80 
01 

11 
21 
31 
50 
63 
81 
04 

2.0 
1.4 
0.81 
1.1 
0.80 
0.61 
0.54 
0.42 

0.47 
0.54 
0.23 
0.69 
0.79 
0.9 
1.1 

1.9 
1.7 
1.6 
1.6 
1.4 
1.3 
1.3 
0.98 

1.5 
1.7 
1.0 
1.2 
1.9 
1.1 
1.3 

2.0 
1.8 
1.6 
1.5 
1.5 
1.4 
1.3 
1.3 

b 
0.71 
0.83 
1.2 
1.2 
1.3 
1.3 
1.4 

2.6 MHz), JI° 
1.6 
1.7 
1.2 
1.6 
1.3 
1.4 
1.4 

0.99 
b 

0.91 
1.8 
1.3 
1.8 
1.4 

b 
0.67 
0.56 
0.43 
0.44 
0.44 
0.43 
0.36 

b 
0.30 
0.30 
0.40 
0.71 
0.66 
0.59 

0.51 
0.47 
0.61 
0.66 
0.50 
0.59 
0.56 
0.59 

0.89 
0.88 

b 
0.68 
0.75 
1.3 
1.1 

" NOE = NOEF + 1; NOEFmax = 1.99; estimated maximum error 
±10%. * Not evaluated. c Not evaluated due to overlap with solvent 
resonance. 

With the exception of C-I, for each side-chain carbon an 
increase in temperature results in an increase in T]. The C-I 
T] values remain relatively constant over the wide temperature 
range studied (~100 0 C). There is evidence for a shallow T\ 
minimum for C-I in PBMA and PHMA at the lower field. 

As the temperature is increased the backbone methylene 
carbon in PBMA shows a definite T] minimum at both mag
netic fields while the backbone CH2 carbon of PHMA 
monotonically decreases over the same range. Differences may 
originate from the fact that, for comparable temperatures, 
PHMA is further above its glass transition temperature48 and 
hence has relatively more freedom of motion. 

The minima observed for PBMA (50% w/w in toluene-c/s) 
also prove interesting. From plots of the data the backbone 
CH2 T] minimum is found at ca. 56 0 C at 22.6 MHz but at ca. 
77 0 C at 67.9 MHz. This is consistent with the fact that the 
7"] minimum for the 67.9-MHz magnetic field strength occurs 
for a shorter correlation time than at the 22.6-MHz strength. 
This implies that a greater temperature would be required to 
observe the T\ minimum at even higher field strengths. The 
same trend is observed for the quaternary backbone carbon of 
PBMA. 

A minimum is observed for PHMA (50% w/w in toluene-dg, 
Table III) at 22.6 MHz only, the higher field strength re
quiring temperatures that are unattainable in toluene-rfg- A 
more dilute solution of PHMA (20% w/w in toluene-ds) where 
the polymer is somewhat more mobile does exhibit a minimum 
at approximately 50 0 C (Table VI). The observed T\ minimum 
for CCH2 is also consistent with a higher p value than that 
observed for the more concentrated solution. 

Table II contains the nuclear Overhauser enhancement 
factors for PBMA. At low temperatures the NOEFs deter
mined at 67.9 MHz for the side-chain carbons tend to equalize 
in magnitude near the theoretical maximum value of 2. As the 
temperature is increased the NOEF for C-I decreases con
siderably (by a factor of ca. 5) while the C-2 and C-4 NOEF 
values decrease at a less drastic rate (by a factor of ca. 2). The 
high-field NOEF differential between C-I and C-2 increases 
as the temperature increases while the C-2 and C-4 differential 
remains relatively constant. The backbone methylene NOEF 
also decreases somewhat with temperature at 101 0 C reaching 
an NOEF which is comparable to that observed for C-1 of the 
side chain. The backbone methyl substituent NOEF increases 
with temperature by a factor of 2 over the range 14-101 
0 C. 
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Table III. 13C Spin-Lattice Relaxation Times of Poly(«-hexyl methacrylate) in 50% (w/w) Solution in Toluene-t/8 

Temp, 
0C 

3 
34 
49 
63 
83 

100 

C-I 

0.32 
0.30 
0.31 
0.31 
0.30 
0.31 

C-2 

0.21 
0.30 
0.47 
0.54 
0.65 
0.81 

C-3 

0.30 
0.55 
0.85 
1.1 
1.4 
1.8 

C-4 

0.57 
1.1 
1.6 
2.1 
2.3 
2.9 

Tt (67.9 MHz), 
C-5 

0.81 
1.7 
2.4 
3.2 
3.7 
5.1 

C-6 

1.5 
2.6 
3.7 
4.6 
5.3 
7.1 

CCH3 

0.069 
0.068 
0.092 
0.10 
0.12 
0.22 

CCH2 

0.32 
0.13 
0.11 
0.097 
0.090 
0.093 

CCR4 

2.9 
1.8 
1.6 
1.6 
1.5 
1.4 

Ti (22.6 MHz), s 
17 
43 
64 
74 
89 

102 

0.12 
0.11 
0.10 
0.098 
0.10 
0.13 

0.14 
0.24 
0.28 
0.36 
0.38 
0.52 

0.26 
0.47 
0.63 
0.83 
0.95 
1.0 

0.47 
0.90 
1.1 
1.5 
1.7 
1.8 

0.75 
1.5 
2.1 
2.5 
3.0 
3.3 

" Not evaluated. 

Table IV. Nuclear Overhauser Enhancement Factors for Poly(n-hexyl methacrylate) in 50% (w/w) Solution in Toluene-ds 

Temp, NOEF (67.9 MHz), r," 
C 

3 
17 
35 
50 
66 
83 

100 

C-I 

2.1 
1.7 
1.2 
1.0 
1.9 
1.9 
1.8 

C-2 

1.9 
1.8 
1.6 
1.6 
1.6 
1.5 
1.5 

C-3 

1.7 
1.6 
1.7 
1.7 
1.8 
1.8 
1.8 

C-4 

1.6 
1.6 
1.6 
1.8 
1.8 
1.8 
1.9 

C-5 

1.5 
1.5 
1.6 
1.8 
1.8 
1.9 
1.9 

C-6 

1.6 
1.7 
1.7 
1.7 
1.8 
1.9 
2.0 

CCH3 

0.7 
0.8 
1.1 
1.1 
1.7 
1.6 
1.8 

CCH2 

0.7 
0.6 
0.3 
0.6 
0.4 
0.5 

CCR4 

1.1 
0.8 
0.5 
0.6 
0.7 
0.6 
0.7 

NOEF (22.6 MHz), T;" 
17 
44 
66 
76 
90 

103 

0.6 
0.9 
1.1 
0.9 
0.9 
1.1 

1.7 
1.6 
1.5 
1.3 
1.1 
1.3 

1.8 
1.7 
1.3 
1.4 
1.1 
1.3 

1.6 
1.7 
1.2 
1.3 
1.4 
1.5 

1.9 
1.7 
1.1 
1.5 
1.2 
1.2 

0NOEFs ±5-15%. 

those delineated for PBMA, although the NOEFs for C-I at 
67.9 MHz above 50 0 C are quite large compared with the 
values found in PBMA.49 

Main-Chain Carbons. Table VII gives the results of the 
calculation of the distribution widths and correlation times for 
PBMA over a wide range of temperatures. The virtual insen-
sitivity of the main chain T\ and NOEF values to changes in 
temperature indicates qualitatively that a distribution is re
quired. The agreement obtained at both fields verifies the as
sumption that a distribution of correlation times is required 
to reproduce the experimental data. For temperatures below 
40 0 C the distribution of correlation times is extremely broad; 
it remains relatively broad for this sample even at the highest 
temperatures studied. Below 10 0 C , the backbone methylene 
resonance line width becomes quite large, making a T\ de
termination very difficult, and thus evaluation of p was not 
practical. The increase in p value (which corresponds to a 
narrowing of the distribution) with increasing temperature is 
consistent with previous polymer studies.28-29 

Hatada et al.43 have recently reported data on a series of 
poly(alkyl methacrylates) in toluene-c/g at 110 0 C. They found 

Table VI. 13C Spin-Lattice Relaxation Times of Poly(«-hexyl methacrylate) in 20% (w/w) Solution in Toluene-^s 

Temp, 
0C 

16 
22 
35 
65 
91 

C-I 

0.26 
0.25 
0.24 
0.30 
0.37 

C-2 

0.27 
0.28 
0.35 
0.60 
0.92 

C-3 

0.54 
0.55 
0.67 
1.4 
2.0 

C-4 

0.87 
1.0 
1.2 
2.4 
4.2 

T1 (67.9MHz),s 
C-5 

1.4 
1.5 
2.0 
3.6 
5.0 

C-6 

2.1 
2.4 
2.8 
4.3 
6.8 

CCH3 

0.049 
0.057 
0.060 
0.099 
0.18 

CCH2 

0.084 
0.079 
0.063 
0.067 
0.081 

CCR4 

1.6 
1.3 
1.2 
1.2 
1.5 

1.6 0.024 a 0.63 
2.3 0.037 0.035 0.54 
3.3 0.057 0.029 0.40 
4.2 0.073 0.028 0.46 
4.8 0.086 0.030 0.47 
5.1 0.14 0.042 0.58 

2.0 
1.8 
1.3 
1.4 
1.4 
1.2 

0.9 
1.1 
1.5 
1.0 
1.1 
1.6 

0.4 
0.3 
0.5 
0.6 
0.9 
0.5 

0.5 
0.9 
0.6 
0.7 
0.8 
0.8 

Table V. 13C Spin-Lattice Relaxation Times of Poly(«-butyl 
methacrylate) in 50% (w/w) Solution in Benzene-t/6 

Temp, 
0C 

10 
22 
31 
40 
50 

C-I 

0.4 
0.39 
0.46 
0.41 
0.26 

C-2 

0.30 
0.38 
0.51 
0.53 
0.65 

T1 

C-3 

0.51 
0.67 
1.0 
1.1 
1.4 

(67.9MHz), s 
C-4 

1.2 
1.7 
2.3 
2.4 
2.7 

CCH3 

0.065 
0.069 
0.076 
0.078 
0.088 

CCH2 

a 
0.19 
0.17 
0.13 
0.11 

CCR4 

2.5 
2.3 
2.4 
2.1 
1.9 

" Not evaluated. 

The situation is somewhat different for the low-field data. 
The C-1 NOEF increases with temperature while the C-2 and 
C-4 NOEF values remain relatively constant over the tem
perature range, but at lower than the maximum permissible 
value. At high temperatures the 22.6-MHz NOEFs for the 
side-chain carbons tend to equalize. A small increase in NOEF 
with temperature is noted for both of the backbone carbons. 

Table IV contains the PHMA nuclear Overhauser en
hancement factors. The trends are comparable in general with 
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Table VH. Observed and Calculated NT\ and NOEF values for PBMA (50% in Toluene-ds) as a Function of Temperature Assuming a 
Log — x2 Distribution 

Temp, 
0 C 

100 
80 
50 
40 
35" 
20° 

NTx 

Calcd 

0.19 
0.17 
0.22 
0.25 

67.9 MHz 

Obsd 

0.19 
0.17 
0.22 
0.25 
0.27 
0.34 

NOEF 
Calcd 

0.37 
0.43 
0.41 
0.45 

Obsd 

0.36 
0.43 
0.44 
0.43 
0.56 
0.63 

NT 
Calcd 

0.059 
0.051 
0.059 
0.068 

22.7 MHz 
l 

Obsd 

0.079 
0.069 
0.063 
0.062 
0.062 
0.067 

NOEF 
Calcd 

0.59 
0.67 
0.59 
0.61 

Obsd 

0.59 
0.66 
0.40 

0.30 
0.31 

7 X 109, s 

7.1 
5.0 

11 
16 

~ 2 2 * 
~ 1 3 0 6 

Calcd 
width parameter 

20 
20 
12 
8 

" p values for these temperatures are too low to be calculated with b = 1000. b Estimated values. 

Table VIII. Calculated Methylene Spin-Lattice Relaxation Times 
and Nuclear Overhauser Enhancement Factors for the C-I Carbon 

Distribu-
bution width" 

P = % 
( T = 1.3 X 10"7s) 
Dx = 1.2 
Dx = 3 . 0 
P = 20 (T = 5.0 X 

10"9s) 
Dx = 1.2 
Dx = 3.0 
P = 50 ( r = 5.0X 

10"9s) 
D1 = 1.2 
Dx = 3.0 

67.9 MHz 
Tx, NOEF, 
s ri 

0.24 
0.34 

0.26 
0.40 

0.29 
0.46 

1.1 
1.1 

1.3 
1.3 

1.3 
1.2 

22.6 MHz 
Tx, NOEF, 
s v 

0.12 
0.16 

0.14 
0.21 

0.15 
0.21 

1.1 
1.1 

1.3 
1.2 

1.2 
1.0 

Exptl 
temp, 
OQb 

See text 

a Log ~x2 distribution assumed; all D,'s are given in units of 1010 

s_1. * For PBMA and PHMA. Listed diffusion coefficients reproduce 
observed data for the stated experimental temperatures. 

that the Txs of the carbons were always longer in the isotactic 
polymer than in the syndiotactic one. The dependence of T\s 
on tacticity has been noted previously for PMMA and poly
propylene44 while for polystyrene,45-46 polyvinyl alcohol),47 

and polyacrylonitrile47 no dependence on steric configuration 
has been found within experimental error. 

While our data for PBMA are comparable to Hatada's for 
poly(tert-butyl methacrylate) at 110 0C there is an apparent 
discrepancy in the NOEFs. They obtained maximum en
hancement factors (~2) for all carbons of PMMA and con
sequently analyzed their data in terms of the single correlation 
time approximation assuming that the extreme narrowing 
condition was satisfied. Heatley and Begum29 reported an 
NOEF of approximatly 1.2 (obtained from an interpolation 
of their plot; see Figure 5 of ref 29) for the backbone methylene 
carbon at comparable temperatures. This fact, in conjunction 
with the Tx data, was used to satisfactorily analyze their data 
in terms of a distribution of correlation times. Our results 
confirm this latter behavior for the methacrylates (butyl and 
hexyl) while adding further strong evidence for the distribution 
approach, namely, the frequency dependence. Lyerla et al.44b 

have recently investigated PMMA at 38 and 100 0C and 
confirmed the applicability of the distribution model for this 
polymer. 

We will not dwell at this point on the exact nature of the 
backbone motions which result in the observed phenomenol-
ogical distribution theory being an appropriate model. The 
remaining discussion will address the question of whether 
side-chain substituents are affected by the distribution, and, 
if so, to what extent. 

CCH3. The trends exhibited by the methyl group directly 
attached to the backbone can be reproduced by a model which 
incorporates dependent internal rotation of the substituent 
attached to a backbone whose overall molecular motion must 

be described in terms of a distribution of correlation times.29 

In fact, comparison of the data obtained by Heatley and 
Begum29 for poly(methyl methacrylate) (PMMA, 400 mg/mL 
in o-dichlorobenzene at 25.14 MHz) with our data for PBMA 
(Table I) reveals a striking similarity. The methyl substituent 
and main-chain methylene carbon Tx data are virtually iden
tical (allowing for the frequency differences) over a compa
rable temperature range. Furthermore, this correlation extends 
to PHMA (Table III) at the lower frequency. 

Previous studies on related methyl groups have pointedly 
illustrated the varied behavior of methyl substituents. The 
correlation time of the methyl group in polypropylene oxide)29 

was found to be independent of the average correlation time 
of the backbone while the methyl in poly(isobutylene)29 ex
hibits an internal correlation time which is proportional to the 
backbone correlation time. The latter is similar to the situation 
for PMMA, PBMA, and PHMA. 

C-I Carbons. No attempt was made to fit all data exactly 
by making small incremental adjustments in thep parameter, 
the internal motion diffusion constants, or the average corre
lation times. The purpose of the present analysis is the deter
mination of the relative importance of the complex motion for 
the backbone carbons as compared with the effects of multiple 
internal rotations about the C-C bonds. It should suffice to 
choose values for the parameters which encompass the ex
tremes of measured Tx and NOE values and hence the ex
tremes of temperature. Numerous parameters have been varied 
to illustrate their effects and to elucidate whether all trends 
in the large experimental data set are satisfactorily repro
duced. 

Tx data for the C-I carbons in both polymers indicate an 
insensitivity to changes in temperature at both fields. In ad
dition there is a great similarity in the magnitude and fre
quency dependence of the Ti values when comparing PBMA 
and PHMA. Considering the change of correlation times and 
distribution widths associated with a temperature change of 
100 0C, it should be considered remarkable if our calculations 
reasonably predict the relaxation behavior for all measured 
carbons. 

Table VIII summarizes the numerical results for the C-I 
carbon with a set of parameters (7, p) chosen from the exper
imental results for two widely different temperatures. There
fore, the average correlation times span two orders of magni
tude with the shorter correlation times (5 X 10~9 s) being as
sociated with the narrower distribution parameters (p = 50 
and p = 20) while the long correlation time is associated with 
the broad distribution width (p = 8) with b = 1000 in all 
cases. 

For a large range in distribution widths and correlation times 
the calculated TiS at a given field are relatively constant, even 
allowing for a moderate increase in the internal rotational 
diffusion constant (Dx) with increasing temperature. 

The observed Tis differ in value by a factor of 2-3 at the two 
magnetic field strengths, a trend which can be reproduced with 
the parameters of Table VIII. 
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The nuclear Overhauser enhancement factors are calculated 
to be in the range 1.0-1.3 for the given parameters, but in
spection of the data reveals that a much wider range of values 
is observed as evidenced by the extreme values obtained at the 
highest and lowest temperatures for both polymers. While the 
calculated NOEFs are within experimental error of those 
observed (±0.3TJ) for most of the intermediate temperatures, 
the deviations from calculated values at the highest and lowest 
temperatures are definitely outside of experimental error. This 
constituted the least satisfactory individual case (C-I NOEFs 
at extreme temperatures) for the theory described in this 
paper. 

Figure 11 illustrates the fact that for short correlation times 
(high temperatures) the NOEF at 22.6 MHz is greater than 
the NOEF at 67.9 MHz. This is the situation one predicts (and 
observes) for a system which can be described by a single 
correlation time or a simple distribution of correlation times. 
The more complex behavior observed in the present case can 
be attributed to the effect of internal rotation superimposed 
upon the overall molecular motion. Note that as the correlation 
times increase from ca. 5 X 1O-10 s (as the temperature de
creases) the NOEF difference for the two magnetic field 
strengths becomes smaller. Finally, at correlation times longer 
than ~2.0 XlO-9S (for the given D1) the NOEF at 67.9 MHz 
becomes greater by a substantial amount, the differences di
minishing somewhat for very long correlation times. 

The experimental data verify this behavior qualitatively 
(Table II). The NOEF for C-I of PBMA at 67.9 MHz and - 5 
0C is at its maximum value (2.0TJ) while the 22.6-MHz NOEF 
is 0.47. As the temperature is increased the trends reverse, 
above 60 0C the NOEFs at 22.6 MHz being increasingly 
greater than those obtained at 67.9 MHz. 

Theoretically, the presence of the motional distribution levels 
the NOEFs but the effects of the internal rotation can effec
tively negate this. The net result is that our theoretical modi
fication emphasizes the effect of the distribution in a manner 
contrary to observation at the lowest temperatures. 

Anisotropy in the backbone motions19-38 can introduce an 
additional angular factor in the calculations. It has been shown 
that changing the angle between the first bond and the mo
lecular z axis (assuming the symmetric rotor model) can affect 
the relaxation times considerably as a function of the anisot
ropy. This possibility has not been included in the present 
calculations and may partially obviate the discrepancies, 
particularly for C-I since the effects of anisotropic motion are 
calculated to be greatest at this chain position. 

For a constant diffusion coefficient the WLL theory predicts 
that the side-chain T\s will increase as the temperature de
creases (within the calculated range of correlation times for 
PBMA and PHMA). While this is not in fact the case, it should 
be noted that an insensitivity to temperature may result from 
the WLL theory provided that the diffusion constants decrease 
enough to offset the increase due to the longer backbone cor
relation times. 

C-2 Carbons. For similar temperatures the C-2 carbon T\s 
of PBMA are larger than the corresponding values for PHMA. 
This is consistent with the greater internal motional freedom 
associated with a shorter chain, lessening the effects of inter-
and intramolecular interactions due to chain entanglements. 
However, the glass transition temperature of PHMA is lower 
than that of PBMA48 so that direct and absolute comparison 
of the polymers at similar temperatures is not free of ambiguity 
as to the origin of differences in dynamics. 

The frequency dependence of the TjS for C-2 is not as great 
on the average as that observed for C-I but is still of consid
erable magnitude and outside experimental error. Inspection 
of Table IX in conjunction with Tables I and III reveals that 
the distribution modified internal rotation theory is able to 
predict the frequency-dependent behavior for C-2. 
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Figure 11. Nuclear Overhauser enhancement factors for C-I carbon 
undergoing internal rotation as a function of the isotropic correlation time 
for backbone motion at 22.635 ( ) and 67.905 MHz (—). A = IX 
1010 s_1. Single correlation time model used. 

The NOEFs (Tables II, IV) do not exhibit the trends that 
were so obvious for C-I. They tend to average ~1.5 ± 0.3?7 
(except for the temperature extremes at 67.9 MHz). Table IX 
shows that the effective distribution width is still broad (p = 
20) for C-2. (A larger value of p, approaching the WLL theory, 
would result in predicted NOEFs which are consistently larger 
than the observed values while predicting a small or negligible 
frequency dependence, also contrary to observations.) 

Under certain circumstances (see Tables I, III, and V) the 
C-2 carbon T]S in PBMA and PHMA are shorter than the T\s 
for C-I and C-3 at the same temperature. The effect is greatest 
at low temperatures and the higher magnetic field strength. 
(At 67.9 MHz the effect disappears for temperatures above 
20-40 0C, depending on the sample.) 

Doddrell et al.8 have shown that increasing the rate of in
ternal rotation can result in a decrease in T\ if the backbone 
(chain) motion satisfies the condition OJ2T2 » 1 in conjunction 
with the condition w2T2

eff ~ 1 for the side-chain carbon 
undergoing the internal rotation. The latter condition is not 
a necessary condition for observation of the phenomenon. Even 
for co2T2

eff « 1 the effect may occur. Levine et al.18,19 have 
proposed the following explanation. "The transformation along 
the chain effectively attenuates the correlation function of the 
molecular motion, leading to an increase in the spectral density 
at high frequencies and for carbon 2 this increase is greater 
than the accompanying decrease in spectral density due to the 
internal motions leading to a net increase in spectral density 
at high frequencies, and thus, to a reduction in T\." 

It was noted19 that the effect is very sensitive to the Larmor 
frequencies involved. Thus (at 23 kG) the effect was seen for 
1H-1H relaxation but not for 13C-1H relaxation. This is con
sistent with the fact that the C-2 7^s of PBMA and PHMA 
decrease relative to C-1 only at the higher field (higher Larmor 
frequency) and only at certain temperatures (for which the 
condition « 2 T 2 » 1 is satisfied). 

C-3 Carbons. Not until C-3 is reached do the greatest dif-
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Table IX. Calculated Methylene Spin 

Distribution width" 

-Lattice Relaxation 

T1, s 

Times and Nuclear 

67 .9MHz 
NOEF1J) 

Overhauser Enhancement Factors for the C-2 Carbon 

r, ,s 
22.6MHz 

NOEF, 
Exptl temp, 0 C* 

V PBMA PHMA 

P = S 
(7 = 1.3 X 10-7s) 
D, = 1.2, D2 = 3.0 
D1 = 1.2, D2 = 5.0 
D1 = 1.2, D2= 10.0 
P = 2 0 ( 7 = 5.0X 10- 9s) 
D1 = 1.2, D2 = 3.0 
D, = 1.2, D2 = 5.0 
D1 = 1.2, D 2 = 10.0 
/> = 50 (7 =5.0 X 10-9s) 
D, = 1.2, D 2 = 1.0 
D1 = 1.2, D2 = 3.0 
D1 = 1.2, D2 = 5.0 
D1 = 1.2, D 2 = 10.0 

0.36 
0.41 
0.48 

0.52 
0.62 
0.75 

0.51 
0.78 
0.92 
1.13 

1.2 
1.2 
1.3 

1.6 
1.6 
1.6 

1.8 
1.8 
1.7 
1.7 

0.20 
0.22 
0.26 

0.37 
0.44 
0.53 

0.40 
0.60 
0.69 
0.81 

1.3 
1.3 
1.3 

1.6 
1.6 
1.6 

1.7 
1.6 
1.6 
1.5 

21 

46 
55 

98 

34 
43 

63 
83 

100 

" Log - x 2 distribution assumed; all D,'s are given in units of 10 1 0 S- ' . * Listed diffusion coefficients reproduce observed data for the stated 
experimental temperatures. 

Table X. Calculated 

Distribution 

Methylene 

width" 

Spin -Lattice Relaxation Times and Nuclear 

Ti 

67.9MHz 
s NOEF1T) 

Overhauser Enhancement Factors 

T\ 
22.6 MHz 

s NOEF, 7) 

for the C-3 Carbon 

Exptl 
PBMA 

temp, 0 C * 
PHMA 

P = S 
(7= 1.3 X 10"7s) 
D1 = 1.2, D2 = 5.0, D3 = 5.0 
D1 = 1.2, D 2 = 5.0,D3 = 7.0 
D, = 1.2, D2 = 5.0, D 3= 10.0 
P = 20 (7= 5.0X 10-9s) 
Di = 1.2, D 2 = 5.0, D3 = 5.0 
D, = 1.2, D 2 = 5.0, D3 = 7.0 
D1 = 1.2, D2 = 5.0, D 3 = 10.0 
P = 50(7 = 5.0X 10"9s) 
D, = 1.2, D 2 = 5.0, D3 = 5.0 
D1 = 1.2, D 2 = 5.0, D3 = 7.0 
D, = 1.2, D 2 = 5.0, D 3 = 10.0 

0.59 
0.63 
0.69 

1.18 
1.30 
1.47 

2.20 
2.47 
2.80 

1.3 
1.3 
1.3 

1.7 
1.7 
1.7 

1.9 
1.9 
1.9 

0.34 
0.37 
0.40 

0.96 
1.08 
1.21 

2.00 
2.24 
2.51 

1.4 
1.4 
1.4 

1.8 
1.8 
1.8 

1.9 
1.8 
1.8 

21 

46 

55 

98 

34 

43 

63 
83 

" Log - x 2 distribution assumed; all D,'s are given in units of 1010s 
experimental temperatures. 

• * Listed diffusion coefficients reproduce observed data for the stated 

Table XI. Calculated 

Distribution 

Methylene 

width" 

Spin -Lattice Relaxation T 

r, 

mes and Nuclear Overhauser 

67.9MHz 
s NOEF, T) 

Enhancement Factors for the 

22.6MHz 
T1, s NOEF1T) 

C-3 Carbon 

Exptl 
temp, 0 C * 

PBMA 

P-

(T 

D1 
D1 
D, 
P-
D1 
D1 
D, 
P-
D1 

D1 

D, 

= 1.3 X 10-7s) 
= 1.2, D 2 = D 3= 10.0 
= 1.2, D 2= 10.0, D3 = 30.0 
= 1.2, D 2= 10.0, D3 = 70.0 
= 20 (7 = 5.0 X 10"9s) 
= 1.2, D2 = D 3= 10.0 
= 1.2, D 2 = 10.0, D3 = 30.0 
= 1.2, D 2= 10.0, D3 = 70.0 
= 50 (7 =5.0 X 10-9s) 
= 1.2, D 2 = D 3= 10.0 
= 1.2, D 2= 10.0, D3 = 30.0 
= 1.2,D2= 10.0, D3 = 70.0 

0.78 
1.03 
1.30 

1.80 
2.61 
3.39 

3.49 
5.00 
6.24 

0.46 
0.62 
0.79 

1.49 
2.13 
2.70 

3.06 
4.18 
5.00 

21 
37 
46 

" Log — x2 distribution assumed; all D,'s are given in units of 1010S-1. * Listed diffusion coefficients reproduce observed data for the stated 
experimental temperatures. 

ferences among the available theories become apparent. The 
WLL theory predicts that a virtually maximum NOEF should 
be observed for C-3 with the correlation times spanned by the 
backbone carbons. However, a consistently reproducible 
NOEF which is less than the maximum value is observed for 
PHMA (Table IV). While data are not available for C-3 of 
PBMA, interpolation from the C-2 and C-4 NOEFs confirms 
a similar trend for PBMA. It is not reasonable to expect that 

the C-3 NOEFs of PBMA could vary greatly from the average 
values of the C-2 and C-4 NOEFs since the values for these 
latter carbons are generally so close over the entire temperature 
range studied. 

The frequency dependence of the C-3 T\S is again consid
erable for both polymers. For p values S50, one predicts 
(Tables X and XI) that the frequency dependence is quite 
small, vanishing for the single correlation time (WLL) theory. 
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Table XII. Calculated Methylene Spin-Lattice Relaxation Times and Nuclear Overhauser Enhancement Factors for the C-4 Carbon 

Distribution width*1 
67.9 MHz 22.6 MHz 

Ti, s NOEF,») Tu s N O E F , I? 

Exptl 
temp, 0 C * 

P H M A 

P = S 
( 7 = 1.3 X ICT7S) 
D1 = 1.2, D2 = D3 = D4 

Z), = 1.2, D2 = 5.0, Z)3 = 
D4 = 10.0 

D1 = 1.2, D2 = 5.0, D3 = 
D4 = 30.0 

P = 20 
(7 = 5.0 X 10- 9 S) 
Di = 1.2, D2 = D3 = D4 

D1 = 1.2, D2 = 5.0, D3 = 
D4 = 30.0 

Dx = 1.2, D , = 5.0, D3 = 
D4 = 30.0" 

P = 50 
( 7 = 5.0X 1 0 - ' s ) 
Z), = 1.2, Z)2 = D3 = D4 

D1 = 1.2, D2 = 5.0, D3 = 
D4= 10.0 

D1 = 1.2, Z)2 = 5.0, Z)3 = 
Z)4 = 30.0 

= 5.0 
7.0, 

10.0, 

= 5.0 
7.0, 

10.0, 

= 5.0 
7.0, 

10.0, 

0.74 
0.87 

1.74 
2.28 

3.58 

3.64 
4.95 

7.98 

1.4 
1.4 

2.0 
2.0 

2.0 

0.44 
0.53 

0.73 

1.51 
2.01 

3.19 

3.56 
4.82 

7.68 

1.4 
1.4 

1.9 
1.9 

1.9 

2.0 
2.0 

2.0 

34 

49 

" Log - x 2 distribution assumed; all Z),'s are given in units of 1 0 1 0 S - ' . b Listed diffusion coefficients reproduce observed data for the stated 
experimental temperatures. 

Table XIII. Calcul; 

Distributi 

ated Methyl Spin-

on width" 

-Lattice Relaxation Times and Nuclear Overhauser 

Tv 
67.9MHz 

,s NOEF, 17 

Enhancement Factors for the C-4 Carbon 

22.6 MHz 
Ti, s NOEF1T7 

Exptl 
temp, 0 C* 

PBMA 

(7= 1.3 X 10-7s) 
Dt = 1.2, D2 = 5.0, Z)3 = 10.0, 

Z)4 = 30.0 
Z), = 1.2, D2 = 10.0, Z)3 = 10.0, 

D4 = 30.0 
p = 20 
(7= 5.0X 10-9s) 
Di = 1.2, Z)2 = 5.0, D3 = 10.0, 

Z)4 = 30.0 
D1 = 1.2, D2 = 10.0, Z)3 = 10.0, 

Z)4 = 30.0 
p = 50 
(7 = 5 X 10"9s) 
D1 = 1.2, D2 = 5.0, D3= 10.0, 

Z)4 = 30.0 
Di = 1.2, D2= 10.0, D3= 10.0, 

D4 = 30.0 

0.79 

0.84 

2.39 

2.69 

5.32 

6.11 

1.4 

1.4 

1.8 

1.8 

2.0 

2.0 

0.49 

0.53 

2.13 

2.42 

5.12 

5.86 

1.4 

1.5 

1.9 

1.9 

1.9 

1.9 

66 

83 

" Log - x 2 distribution assumed; all A ' s a r e given in units of 10'°s '. * Listed diffusion coefficients reproduce observed data for the stated 
experimental temperatures. 

The low- and in termediate- temperature data are reproduced 
quite well by inclusion of the distribution effects (p a* 8-20, 
as determined above), particularly for P H M A . However, the 
frequency dependence of the Tis for P B M A at high temper
atures ( £ 9 0 0 C ) cannot be reproduced with a reasonable set 
of parameters; the previously determined backbone distribution 
is too narrow to quantitatively accommodate the observed 
differences. 

C-4 Carbons. The C-4 carbon of P B M A is a methyl group 
and, therefore, direct comparison with the C-4 carbon of 
P H M A is not possible in the manner chosen for carbons C-I 
through C-3. Table XI I gives representative calculations for 
the C-4 carbon of P H M A . Table XI I I specifically illustrates 
the calculated methyl Ti values for a C-4 carbon with the given 
parameters; hence the observed T\s of Table I for P B M A can 
be compared directly. 

The low-temperature (;S50 0 C ) frequency dependence of 
the TiS is reasonably predicted by our theory, i.e., the T\S vary 
by approximately 20% with the change in frequency from 22.6 
to 67.9 M H z . At high temperatures the frequency dependence 
for C-4 increases in relative magnitude; this cannot be suc
cessfully predicted by this or any other theory presently known. 
The trends in Ti are illustrated in Figure 12. 

The implication follows that the terminal methyl has asso
ciated with it some very long correlation times. A gradual loss 
of a frequency dependence under our present theoretical as
sumptions does not correspond with the observed situation. 
Obviously, factors that are as yet unaccounted for contribute 
significantly to the dynamic behavior of the terminal methyl 
group. 

One is reminded at this point of the results of Levine36 which 
predicted that a strong correlation in the motions of pairs of 
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67.905 MHz 830C 
170C 

1 2 3 4 

CARBON NUMBER 
Figure 12. NTi values for side-chain carbons of poly(«-butyl methacrylate) 
50% w/w in toluene-rfg at 67.9 MHz (46, 80 0C) and 22.6 MHz (37, 83 
0C). 

C-H vectors on adjacent atoms may be possible. Thus, the C-4 
carbon of PBMA could be considered as interacting with the 
C-3 carbon and acquiring characteristics indicative of the C-3 
carbon, including an increased frequency dependence for 
comparable diffusion coefficients. 

The origin of the unusual T1S observed in these polymers for 
C-4 is not reflected in any precipitous changes in nuclear Ov-
erhauser enhancement factors at this position. The experi
mental values are still less than maximum, as predicted by 
distribution widths S/? = 20. 

C-5 and C-6 Carbons (PHMA Only). The NOEFs for C-5 
(Table XIV) can be predicted from the relatively broad dis
tribution width associated with the backbone carbon T\s. As 
noted in the numerical results section the relative insensitivity 
of the NOEFs for broad distributions is predicted to extend 
quite a distance from carbon O for reasonable diffusion coef
ficients. The same can be said for the C-6 carbon. Despite NT\ 
values of the order of 20.0 s the NOEFs appear to be less than 
maximum (Table IV). 

The low-temperature C-5 T\ and NOE results are in accord 
with our theoretical predictions, particularly for temperatures 
<50 0 C. However, for higher temperatures the T\ frequency 
dependence cannot be quantitatively predicted; the experi
mental differences are larger than theory predicts. 

The situation is similar with respect to the C-6 carbon T\ 
data. For a sufficiently long chain (using a relatively narrow 
distribution width) theory predicts a gradual loss of the fre
quency dependence of the spin-lattice relaxation time. While 
the end methyl of PHMA does exhibit frequency-dependent 
T\$ they too are underestimated slightly by the present theo
retical approach. We are therefore investigating improvements 
that will try to alleviate this deficiency. 

The overall trends support the likelihood that further im
provement in the theory can be made by treating the trans-
gauche conformational changes explicitly'9b>36'37'50 despite 
the fact that the assumption of independent bond rotation in 
conjunction with stochastic rotational diffusion has been rel
atively successful18'19'38 for interpreting the chain dynamics 
of various compounds. 

2.or 

Q i.ol 

0.0 _1_ 
1 2 3 4 5 6 

CARBON NUMBER 
Figure 13. Nuclear Overhauser enhancement factors for side-chain carbons 
of poly(«-hexyl methacrylate) 50% w/w in toluene-^s at 67.9 MHz (83, 
170C). 

Table XIV. Calculated Methylene Spin-Lattice Relaxation Times 
and Nuclear Overhauser Enhancement Factors for the C-5 Carbon 

Distribution width" 

/> = 8 
(7 = 1.3 X 10-7S) 
£»i = D2 = D3 = Z)4 = D5 = 

1.0 
Z)1 = D2 = D3= 1.0, Z)4 = 

4.0, D5 = 7.0 
D, = D2 = D3 = D4 = D5 = 

10.0 
P = 20 
(7 = 5 . 0 X 10- 9s) 
D1= D2 = D3 = Z)4 = Z)5 = 

1.0 
D, = D2 = D3= 1.0, D4 = 

4.0, D5 = 7.0 
DJ= D2 = D3 = D4 = D5 = 

10.0 

67.9 MHz 
7-!,s 

0.43 

0.68 

1.43 

0.74 

1.50 

5.25 

NOEF, ij 

1.3 

1.3 

1.4 

1.7 

1.8 

1.9 

22.6 MHz 
r i . s 

0.25 

0.46 

0.91 

0.60 

1.29 

4.88 

NOEF, r] 

1.4 

1.4 

1.5 

1.8 

1.9 

1.9 

" Log —x2 distribution assumed; all Z),'s are given in units of 1010 

For instance, lipid bilayer motion has been treated50 as fast 
/3-coupled gauche isomerization of sets of carbon bonds su
perimposed on slow, nearly isotropic chain reorientations with 
some success. However, in this latter case50 full NOEFs were 
observed and a more elaborate theory involving more cooper
ative molecular motions is not justified. It remains to be de
termined whether the spin-lattice relaxation times are fre
quency dependent in systems of this type since an essentially 
complete NOEF (1.8-1.9, for example), in conjunction with 
a relatively large NTi, does not guarantee that the extreme 
narrowing condition can be invoked with certainty. 

Cross Correlation Effects. Cross correlation effects (even 
under proton decoupled conditions) should be most evident for 
methylene carbons undergoing anisotropic reorientation with 
correlation times that are of the order of OJC ~ 6Z)0 where Z)0 

is the diffusion constant for overall motion of the molecule and 
we is the Larmor frequency of carbon. London et al.20 have 
shown that, except for C-I, the effects are insignificant for 
internal diffusion constants, Z),, equal to 109 s - 1 but they be
come more important for A' = 1010and 10" s - 1 . This is par
ticularly true for carbons C-I through C-3. There also can be 
significant nonexponential spin-lattice relaxation.20 The 
conditions for which maximum deviations from "normal" 
behavior occur are characterized by overall molecular diffusion 
of ca. 107-108 s - 1 and internal rotational diffusion constants 
O f - I O 1 0 S - ' . 

Cross correlation effects are attenuated as the carbon under 
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consideration becomes more remote from the site of substitu
tion to the main chain carbons. Examination of the data in 
Table VII shows that the range D0 = ~106-108 s_1 for the 
backbone diffusion constant is covered in the experimental 
temperature range. This is precisely the most sensitive region20 

for detection of cross correlation effects. In addition the rota
tional diffusion constants are of the order of 1010-10n s_1 (vide 
supra). The predicted deviation due to cross correlation effects 
(neglecting the effects of a distribution of correlation times) 
in the NOEF for C-I (and C-2) under these conditions is ap
proximately 0.2-0.5 units. The data show no evidence for these 
effects. 

Summary and Conclusions 
1. Invocation of a distribution of correlation times for the 

backbone carbons of PHMA and PBMA yields a satisfactory 
fit of the main-chain experimental relaxation data at two fields 
and over a large range of temperatures. This is the situation 
anticipated for molecules of the type studied. 

2. The single correlation time, extreme narrowing, ap
proximation can be inadequate for description not only of the 
dynamic behavior of polymer backbone carbons, but also for 
alkyl (or related) side-chain substituents. 

3. Carbons which are, strictly speaking, eight bonds re
moved from the polymer backbone exhibit frequency-depen
dent relaxation times and less than maximum nuclear Ov-
erhauser enhancement factors.44 This is the most unique aspect 
of the data presented and of prime consideration in any theory 
which is developed for structures related to these com
pounds. 

4. Multiple internal rotation effects alone cannot account 
for the observed side-chain NMR parameters. 

5. A distribution of correlation times for the backbone 
carbons is effective in altering the dynamic parameters of 
well-removed side-chain carbons, inducing frequency-depen
dent T\ and NOE behavior. 

6. The inability to quantitatively fit the high-temperature 
spin-lattice relaxation times for the end methyls (PHMA, 
PBMA) and penultimate carbon of PHMA indicates that the 
present theoretical modifications, while more predictive than 
previous theories, do not always quantitatively assess the effects 
of complex motions. The assumptions of independent bond 
rotations and/or stochastic diffusion (although presently re
quired for practical calculations) may be inadequate. 

7. Alkyl chain dynamics (in various environments) as 
measured by NMR require quite different motional models. 
One model should not be expected to uniquely determine the 
NMR parameters in different polymers. In fact it is conceiv
able that the sample state (solvent,51 concentration, temper
ature, etc.) could be a more crucial factor in governing which 
model is most applicable to a particular system. For instance, 
the causative factors which result in an unusually large fre
quency dependence for the chain ends in PBMA and PHMA 
may be intramolecular or intermolecular. Extensive dilution 
studies will be required to solve this problem. 

8. Unlike the n-alkanes18'l9'42b the relaxation data cannot 
be interpreted by a model in which the diffusion constants for 
internal rotation are the same for all bonds. The data are better 
explained in terms of a slower diffusion constant for the first 
bond and slightly increasing diffusion constants for the re
maining methylene carbons. The terminal methyl data require 
a large increase in internal rotation about the CH2-CH3 bond 
(see also ref 42b). 

Studies of hydrocarbon chains in dipalmitoyllecithin bi-
layers3 provide an interesting comparison in that the motions 
of the chain near the terminal methyl are identical with the 
motion for corresponding «-alkane carbons (and in qualitative 
agreement with the present calculated diffusion constants). 
Most significant is the observation that the motions of the C-C 

bonds near the glycerol bridge of the lipids are an order of 
magnitude slower than the remaining chain carbons. 

It has been suggested3 that the slow motions required to fit 
the observed data in this and other cases may be oscillatory in 
nature ("librations") rather than involving effective full-bond 
rotations. Under these circumstances the correlation time is 
the product of the true motional correlation time and a factor 
describing the amplitude and rate of the oscillatory motion. 
Unfortunately, it is not currently possible to distinguish an 
increase in the true rotational diffusion constant from an in
crease in the amplitude and rate of oscillatory motion along 
the chain. 

The problem concerning an absolute choice of model for 
rotation about the carbon-carbon single bonds of an alkyl 
chain may be intractable. Many models have been proposed 
to explain, in a more fundamental manner, the detailed 
mechanism by which internal motion occurs for polymeric 
chains in both the crystalline and noncrystalline states. The 
ability of a single technique to distinguish among the multi
tudinous possibilities has not been demonstrated as yet. The 
available NMR data generally lend themselves to numerous 
reasonable interpretations. One is also faced with providing 
a tractable, hopefully general, theoretical interpretation which 
is applicable by others to their own particular problems without 
undue expense in terms of time (theoretical complexity) or 
money (computer simulation). 

Finally, it is hoped that presentation of the available data 
over a wide range of temperatures at two different magnetic 
fields will allow others to test various models more complete-
iy-
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I. Introduction 
There have been a number of theoretical works on the co

operative transition in lipid membranes.1-9 Most of them were 
mainly oriented to the elucidation of molecular mechanisms 
which cause the chain melting transition by the statistical 
mechanical treatments. We take a different approach by 
considering only the overall characteristics of the lipid system 
without knowledge of the precise nature of structural changes 
in each lipid molecule. The model is inspired by various ex
perimental data which have recently become available con
cerning thermodynamics,10 kinetics,11 and certain functions 
of the lipid membrane.12-19 Following Adam20 we describe the 
properties of the lipid system by the two-dimensional Ising 
model. Similar treatments were once prevalent for the coop
erative phenomena in biological membranes in relation to the 
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nerve excitation.20-22 However, in the nerve model the idea that 
the cooperative interactions between channels allow ion 
transport seems to have been replaced by the involvement of 
some carrier or pore molecules.22 It should be noted here that 
our treatment is strictly confined to the uniform lipid sys
tem. 

Experimental results have been presented on the phase 
transition dependence of several properties of the lipid mem
brane. The permeability of liposomes to certain ions or mole
cules, Na+,12 K+,13 ANS,14 and Tempo-choline,15 goes 
through a maximum with the rise of temperature at the mid
point of the lipid phase transition. The enhanced permeation 
was attributed to the boundary regions between solid and liquid 
domains and would possibly be explained by the structural 
defects16 or the mismatch in molecular packing15 at these in-
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Abstract: A phenomenological description of the gel to liquid-crystalline phase transition in lipid bilayers is presented in terms 
of Fisher's cluster model starting from the two-dimensional Ising model. A cluster is defined as a microdomain of lipid mole
cules in the nondominant phase linked together by nearest neighbors. The concept was inspired by many experimental observa
tions suggesting the functional importance of the phase boundary during the lipid phase transition or phase separations of bina
ry lipid mixtures. From the analysis of calorimetric data for phospholipid bilayers, it is concluded that the lipid membrane does 
not exhibit a strong cooperative transition from the complete gel phase to the complete liquid-crystalline phase. Instead, the 
lipid system contains a considerable amount of clusters of the nondominant phase, which may be of great biological impor
tance. This aspect of bilayer behavior is well reflected on two kinds of experimental data: the passive permeation of molecules 
through the lipid membrane and the relaxation to a new equilibrium state after the temperature jump of liposome suspensions. 
By reviewing the experimental results on the phase transition dependence of the permeability of lipid bilayers, the permeation 
is classified basically into three types, corresponding to the permeation of water molecules, nonhydrophobic molecules, and 
hydrophobic molecules. The permeation of certain molecules, which has been reported to be enhanced appreciably at the mid
point of the gel to liquid-crystalline phase transition, is attributed to the "structurally disordered" boundary regions between 
two phases. The relaxation times obtained for the phase transition of lipid bilayers show a maximum at the transition tempera
ture, which is also explained by a simple cluster reaction scheme. 
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